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A dramatic shift in clinical practice has occurred over the last decade, from 
the radical treatment of virtually all newly diagnosed prostate cancer patients 
to a much more selective approach, incorporating expectant management, or 
active surveillance, for the roughly 40% of patients with low-risk disease. 
Prostate imaging became a centerpiece of prostate cancer management after 
switching the target of the therapy from the entire prostate to the localized 
cancer. Within a short period of time, a number of multi-parametric MRI 
(mp-MRI) examinations logarithmically increased across the academic cen- 
ters and peripheral imaging centers alike. 

The PI-RADS committee was established and tasked to provide a stan- 
dardized reporting system for the radiologists so that we can all speak the 
same language in our reports. There has been insufficient guidance to the 
technologists about how to perform these examinations. Similarly, most radi- 
ologists have been caught unprepared to the mpMRI, which requires an inde- 
pendent workstation to do post-processing. As of today, mpMRI of the 
prostate has been established in almost all of the academic centers in the 
USA. 

The primary aim for this handbook style textbook is to provide a practical 
guideline to the radiologists, radiology residents, and fellows who are new to 
prostate imaging and interpretation. It covers anatomy, pathology, imaging 
techniques, and interpretation standards based on PI-RADS v2.1, post- 
processing for targeted biopsies, molecular imaging, and ablation treatments. 
Technologists will find useful imaging protocols (planning and prescription) 
and parameters with representative images for each MRI sequence. 

This textbook is a collaboration of radiologists, pathologist, urologists, 
and radiation oncologists. I am honored and grateful to all the authors for 
their efforts. I hope you will find it to be useful for your practice. 

Thank you. 


Indianapolis, IN, USA Temel Tirkes, MD, FACR 
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1.1 Anatomy of the Prostate 


Gland 


The prostate gland is a male reproductive organ 
whose main function is to secrete prostate fluid, 
one of the components of semen. It surrounds the 
urethra and is located posterior to the inferior 
aspect of symphysis pubis, superior to the uro- 
genital diaphragm, and anterior to the rectum [1]. 
It lies below the urinary bladder and is in front of 
the rectum. It is a pyramid-shaped organ with the 
base located superiorly abutting the urinary blad- 
der and apex pointing inferiorly. It measures 
approximately 5 cm x 4 cm x 3 cm and weighs 
20 g between 20 and 50 years of age and then 
increases to 30 g between 60 and 80 years of age. 

McNeal has identified three zones (Fig. 1.1). 
The transition zone surrounds the urethra between 
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Fig. 1.1 Anatomy of the prostate gland as seen in a whole 


mount section (arrow =  verumontanum; _ single 
star = peripheral zone; double star = transition zone; triple 
star = central zone) 


the colliculus and bladder neck. The central zone 
forms a funnel or ring-like zone and is located 
between the transition and peripheral zones. The 
ejaculatory ducts run through the central zone. 
The peripheral zone includes the peripheral sec- 
tions of the prostate gland [1-4]. 


1.2 Benign Prostatic Hyperplasia 

The size of the prostate gland increases as men 
get older, usually due to hormone imbalance as 
well as effects of several growth factors. Benign 
prostatic hyperplasia is a very common condition 
in older men [5]. It is defined as the increase in 
size of the prostatic tissue in the transitional area 
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around the urethra (also called prostate adenoma) 
(Fig. 1.2). Over time, this condition causes diffi- 
culty in urinating [6, 7]. 


1.3 Prostatitis 


Prostatitis is inflammation of the prostate and can 
affect any prostate zone. The prevalence of histo- 
logically proven prostatitis on autopsy studies is 
6-44%. It can be seen at any age during adult- 
hood. The macroscopic appearance is not specific 
prostate 


and can mimic cancer (PCa). 


Fig. 1.2 Whole mount section of the transition zone with 
benign prostatic hyperplasia (arrows: infarction associ- 
ated with BPH) 


Fig. 1.3 Granulomatous 
inflammation (arrow: 
giant cell) 
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Microscopically, inflammation can involve the 
stroma, epithelium, and lumen of the glands. 

Etiology and associated morphologic features 
include [8, 9]: 


e Acute bacterial prostatitis: often intraluminal 
inflammation, showing anywhere from few 
scattered neutrophils to micro abscesses 

e Chronic prostatitis: lymphocytic and plasmo- 
cytic inflammatory cell infiltration 
e Bacterial 
e Abacterial: this is subdivided into inflam- 

matory and non-inflammatory or 
prostatodynia 

e Granulomatous prostatitis: necrotizing or 
non-necrotizing granulomas may be seen in 
men who have undergone BCG treatment for 
bladder cancer; however, most cases are idio- 
pathic (Fig. 1.3) [8]. 


The differential diagnosis for prostatitis 
includes (1) lymphocytic infiltration vs chronic 
lymphocytic lymphoma involving prostate; (2) 
reactive epithelial changes vs prostatic intraepi- 
thelial neoplasia (PIN); and (3) post-atrophic 
hyperplasia vs PCa. Concerning the outcome, 
proliferative inflammatory atrophy has been 
considered as a potential precursor to PIN and 
PCa [10]. 
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1.4 Putative Preneoplastic 
and Intra-acinar/Intraductal 
Neoplasms 

1.4.1 Prostatic Intraepithelial 


Neoplasia (PIN) 


PIN consists of preexisting prostatic ducts and 
acini lined by cytologically atypical cells and is 
dichotomized into low-grade and high-grade PIN 
(LGPIN and HGPIN, respectively). PIN is pre- 
dominantly found in the peripheral zone (75— 
80%) and rarely in the transition zone (10-15%) 
or in the central zone (5%). The prevalence of 
HGPIN in needle biopsy ranges from 5% to 16%, 
whereas the prevalence of HGPIN in radical 
prostatectomy specimens is remarkably high 
(i.e., 85-100% of specimens), reflecting a strong 
association between this lesion and PCa [11]. 
HGPIN is identified at low magnification by 
three important findings: (1) the lining of the duc- 
tal structures is darker; (2) it is thicker than the 
surrounding normal ducts and acini; and (3) a 
complex intraluminal pattern of growth may be 
present. At high magnification, there are varying 
degrees of nuclear enlargement with nuclear 
stratification, hyperchromasia, and nucleolar 
prominence (Fig. 1.4) [12, 13]. 

The nuclei of cells composing LGPIN are 
enlarged, vary in size, have a normal or slightly 


Fig. 1.4 High-grade prostatic intraepithelial neoplasia 
(HGPIN) (arrows) with adjacent normal ducts and acini 


increased chromatin content, and possess small 
or inconspicuous nucleoli. HGPIN is 
characterized by cells with large nuclei of rela- 
tively uniform size, an increased chromatin con- 
tent, which may be irregularly distributed, and 
prominent nucleoli that are like those of carci- 
noma cells. 

HGPIN is a precursor lesion to some carcino- 
mas of the prostate [11-16]. Contemporary data 
report that the median risk of cancer following a 
diagnosis of HGPIN on biopsy is only 22% (the 
median risk of finding cancer in a repeat biopsy 
following a benign diagnosis is 15-19%). The 
number of cores involved by HGPIN is the patho- 
logical parameter that predicts a higher risk of 
subsequent carcinoma on re-biopsy. Finding 
HGPIN on more than three cores is associated 
with a higher risk of subsequent cancer and war- 
rants repeating the biopsy within 1 year. For 
cases with one or two cores of HGPIN on needle 
biopsy, repeat needle biopsy is not recommended 
unless clinically indicated [11, 16]. In cases with 
HGPIN and adjacent small atypical glands, the 
risk of cancer is equivalent to that of “atypical 
glands suspicious for carcinoma” warranting a 
re-biopsy within 3—6 months of diagnosis [15]. 


Intraductal Carcinoma 
of the Prostate (IDC-P) 


1.4.2 


The 2016 WHO definition of intraductal carci- 
noma of the prostate is “intra-acinar and/or intra- 
ductal neoplastic epithelial proliferation that has 
some features of high-grade prostatic intraepithe- 
lial neoplasia (HGPIN) but exhibits much greater 
architectural and/or cytological atypia, typically 
associated with high-grade, high-stage prostate 
carcinoma” (Fig. 1.5) [17]. 

Intraductal carcinoma of the prostate (IDC-P) 
represents a late event in PCa evolution, with 
intraductal spread of aggressive prostatic carci- 
noma, i.e., invasion of preexisting ducts and acini 
by high-grade PCa [18]. A minority of cases, 
however, may be precursor lesions [19]. IDC-P is 
not assigned a Gleason grade [17, 20]. 


Fig. 1.5 Intraductal carcinoma of the prostate (arrows) 


showing intraductal 


carcinoma 


spread of aggressive prostate 


Diagnostic separation of IDC-P from HGPIN 
is very important because of its association with 
an average Gleason score of 8 and stage pT3 
prostatic PCa in the radical prostatectomy speci- 
men [19, 21, 22]. In contrast to HGPIN, IDC-P 
exhibits a solid or dense cribriform pattern or a 
loose cribriform or micropapillary pattern with 
either marked nuclear atypia (i.e., nuclear size 6 
greater than normal) or comedonecrosis [23-25]. 
IDC-P shows chromosomal translocations 
involving the PTEN loss and ERG expression, 
whereas PTEN loss is rare in HGPIN, and ERG 
expression is very uncommon [24, 26, 27]. 

Many genetic alterations have been described 
in IDC-P. ERG status is 100% concordant 
between IDC-P and adjacent invasive carci- 
noma. PTEN loss between IDC-P and adjacent 
acinar carcinoma is concordant in 92% of cases 
(26, 27]. 

Staining for basal cell markers should be con- 
sidered if there is a concern for the presence of 
intraductal carcinoma only or invasive cancer or 
when the Gleason grade could change with the 
diagnosis of IDC-P [22-25]. Intraductal carci- 
noma is usually associated with high-grade and 
poor prognostic parameters at radical prostatec- 
tomy. Even when intraductal carcinoma is identi- 
fied without concomitant invasive carcinoma in 
the prostate biopsy, definitive therapy may be 
indicated to the patient [18, 19]. 
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1.4.3 Atypical Adenomatous 
Hyperplasia (Adenosis) 


Atypical adenomatous hyperplasia (AAH) is 
characterized by circumscribed proliferation of 
closely packed small glands that tend to merge 
with histologically benign glands. AAH has been 
considered a premalignant lesion of the transition 
zone (Fig. 1.6). A direct transition from AAH to 
cancer has not been documented [28-30]. 


1.4.4 Atypical Small Acinar 
Proliferation 


Atypical small acinar proliferation (ASAP; also 
called atypical focus, suspicious but not diagnos- 
tic of malignancy) is a diagnostic category rather 
than an entity. It represents a microscopic growth 
of small acini with insufficient cytological abnor- 
malities to warrant the diagnosis of malignancy 
(Fig. 1.7). The incidence of ASAP is between 2% 
and 9% [15, 31]. 

The distinction between benign proliferations 
that mimic cancer and atypical glandular prolif- 
erations that are suspicious for, but not diagnostic 
of prostate carcinoma requires accurate histo- 
pathological assessment and use of immunohis- 
tochemistry. Most of the information is available 
on hematoxylin- and eosin-stained sections, 


Fig. 1.6 Adenosis (atypical adenomatous hyperplasia) 
(arrows) is characterized by circumscribed proliferation 
of closely packed small glands that tends to merge with 
histologically benign glands 
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Fig. 1.7 Atypical small acinar proliferation (arrows). 
ASAP represents a microscopic growth of small acini 
with insufficient cytological abnormalities to warrant the 
diagnosis of malignancy 


while immunohistochemical stains are used for 
confirmation. 

Isolated ASAP has a predictive value of 37% 
for cancer [32]. This is only a slight decrease 
from 45% observed between 1989 and 1996 [15, 
33]. Some of the decrease in predictive value of 
ASAP for cancer in recent studies is probably 
due to the use of extended biopsy techniques and 
advances in immunostaining. 

Given the documented high risk of cancer in 
patients with ASAP, it is reasonable to consider 
repeating the biopsy within 3 to 4 months after 
the initial diagnosis. In subsequent biopsies, the 
chance of detecting cancer greatly increases, not 
only at the biopsy site but within the adjacent 
areas as well [34, 35]. Park et al. reported 65% 
probability of finding a cancer at the original 
ASAP site, which increases to 88% if it also 
involves the adjacent sites [36]. 


1.5 Prostate Cancer (PCa) 

PCa is the most frequently diagnosed noncutane- 
ous malignant neoplasm in men. In this chapter 
we discuss classification, grading, staging, and 
current definition of clinically significant PCa 
[37-39]. Tissue biomarkers predicting upgrading 
and/or significant disease and tissue-based 
genomic tests for diagnosis and prognosis are 
mentioned briefly. 


New Variants of Acinar 
Adenocarcinoma 


1.5.1 


Some variants of acinar adenocarcinoma 
(Fig. 1.8) can be difficult to diagnose since they 
appear deceptively benign. 

These variants include atrophic, microcystic, 
pseudohyperplastic, and foamy gland PCa [40, 
41]. There are also variants characterized by 
worse prognosis when compared to usual acinar 
adenocarcinoma. These variants are signet ring- 
like, sarcomatoid, and pleomorphic giant cell 
PCa [39, 42-44]. The newly recognized acinar 
adenocarcinoma variants were added to the 2016 
WHO classification. These are microcystic ade- 
nocarcinoma, pleomorphic giant cell adenocarci- 
noma, and large cell neuroendocrine carcinoma 
[39]. 

Microcystic adenocarcinoma is a deceptively 
benign appearing variant of acinar PCa, and the 
assigned Gleason pattern is 3. Since glands in 
PCa rarely show cystic changes, microcystic ade- 
nocarcinoma may be confused with cystic change 
in benign atrophic glands. The glands lack basal 
cells on immunohistochemistry using p63 and 
34bE12 antibodies. | Immunohistochemical 
expression of alpha-methylacyl-CoA racemase is 
present [40, 41] (Fig. 1.9). 

Pleomorphic giant cell adenocarcinoma is a 
rare variant of PCa, characterized by the presence 
of giant, bizarre, anaplastic cells with pleomor- 
phic nuclei. This variant is unusual in terms of 
the degree of nuclear atypia. In fact, even the 
highest grade of usual acinar adenocarcinoma 


Fig. 1.8 Acinar adenocarcinoma, usual type (arrows) 


typically displays nuclei that are relatively uni- 
form. Some patients have a history of hormonal 
or radiation therapy. The clinical course is 
expected to be highly aggressive [42-44]. 

Large cell neuroendocrine carcinoma is a 
very rare neuroendocrine tumor variant of the 
PCa [45, 46]. Almost all cases are seen after hor- 
monal therapy for PCa. The morphologic fea- 
tures are identical to those of large cell 
neuroendocrine carcinoma in other organs. 
Outcome is expected to be very poor with the 


Fig. 1.9 Acinar adenocarcinoma with microcystic fea- 
tures (PCA glands with cystic changes) 
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mean survival being only 7 months even after 
platinum-based chemotherapy [45]. 


1.5.2 Grading of Prostate Cancer 


The Gleason grading system is one of the most 
important prognostic factors in PCa. In 1966 
D.F. Gleason recognized heterogeneity of PCa by 
assigning two grades to the two most common 
patterns [47]. The Gleason system has undergone 
important and substantial changes since the origi- 
nal proposal following two ISUP conferences [48, 
49]. The current assignment of the Gleason score 
(GS) is based on the 2014 ISUP consensus criteria 
[49]. The consensus addressed key areas includ- 
ing definitions of the grading patterns (GP) of 
usual and variants of PCa, exclusion of IDC-P 
from grading, and the support for the novel grade 
groups (GG) system. Only well-formed discrete 
glands are included in the modified GP 3. 
Cribriform glands (Fig. 1.10) are all considered 
GP 4, independent of size and histology. The mor- 
phologic spectrum of the current GP 4 pattern 
also includes fused, ill-defined, and glomeruloid 
glands, in addition to cribriform glands [49, 50]. 


Fig. 1.10 Acinar adenocarcinoma (examples of a (a) 
Gleason pattern 3, well-formed discrete glands; (b) 
Gleason pattern 4, cribriform; and (c) Gleason pattern 5, 


lack of gland formation with or without poorly formed/ 
fused/cribriform glands 
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1.5.3 5-Tiered Grading Prognostic 
System 


The basis for the proposal was the five grade 
groups (GG) originally derived from data from 
Johns Hopkins Hospital [51, 52]. The GG, first 
described in 2013, equates the GS with the fol- 
lowing prognostic groups: GG | (GS 6), GG 2 
(GS 3+4=7), GG 3 (GS 4 + 3 = 7), GG 4 (GS 
8), and GG 5 (GS 9 and 10) (Table 1.1). 

The key contributions of using GG are as 
follows: 


e GG 1 is designated as the lowest score in con- 
trast to 6 in GS, which is at the middle of the 
scale (GS 2 to 10). This is a recurring problem 
when counseling patients for active 
surveillance. 

e GS 7 is not a homogenous cancer and is split 
into GG 2 and GG 3, projecting different 
approaches in prognosis and management in 
trials and clinical practice. 

e GS 8-10, often considered as one group of 
high-grade tumors, can be split prognostically 
and stratified into different treatment strate- 
gies in GG 4 and GG 5. 


Table 1.1 Morphologic definition of the five prognostic 
grade groups (GG) 


Gleason 
GG | score Morphologic definition 
1 <6 Individual discrete well-formed 
glands only 
2 3+4 Predominantly well-formed glands 
with lesser component of poorly 
formed/fused/cribriform glands 
3 4+3 Predominantly poorly formed/ 
fused/cribriform glands with lesser 
component of well-formed glands 
4 4+40r Only poorly formed/fused/ 
3+50r cribriform glands or 
5+3 Predominantly well-formed glands 
and lesser component lacking 
glands or 
Predominantly lacking glands and 
lesser component of well-formed 
glands 
5 4+5o0or Lack gland formation (or with 
5+4or necrosis) with or without poorly 
5+5 formed/fused/cribriform glands 
[58] 


The accurate prognostic stratification of GG 
has been validated in a large multi-institutional 
cohort including prostate biopsy and radical 
prostatectomies [51, 52]. The 2016 WHO guide- 
lines adopted GG, updated CAP prostate cancer 
protocols, and clinical guidelines [39, 53-55]. 
GG will be used in combination with GS for the 
foreseeable future with its value analyzed over 
time [56]. 


1.5.4 Staging of Prostate Cancer 


The American Joint Commission on Cancer 
(AJCC) guidelines modified staging and prog- 
nostic stage grouping for prostate cancer. In the 
eighth edition of these guidelines, T2 category 
(i.e., the pathologically organ confined cancers) 
is no longer substaged on the basis of bilaterality 
and extent of involvement (pT2a, pT2b, and 
pT2c) (Table 1.2) [37]. This decision was based 
on the lack of the prognostic evidence [57-61]. In 
addition to this, the previous pT2b was extremely 
rare, and small multifocal neoplasms could be 
assigned to a higher subcategory of pT2 [59, 61]. 
There are no clinical studies correlating the pre- 
vious pT2 stage subgroupings with survival 
in localized PCa. There is emerging data suggest- 
ing that unlike the pT2 substaging, tumor volume 
has a higher prognostic value [62]. However, the 
3-tiered T2 subclassification is still used for clini- 


Table 1.2 Updates to the staging of prostate cancer by 
the American Joint Commission on Cancer (AJCC), 
eighth edition [63]. (Used from Paner et al. [63], with per- 
mission from Elsevier) 


Category | Details 

pT2 Pathologically organ-confined tumors 
no longer subcategorized based on 
bilaterality and extent of involvement 

Histologic Gleason score to be based on ISUP 

grade 2014 criteria 
Grade group to be reported in 
addition to Gleason 

Prognostic Includes select organ-confined 

stage group disease tumors based on PSA and 

Il Gleason/grade group status 

Statistical Prognostic models that met all AJCC 

prediction quality criteria added 

models 


cal practice of tumor staging and used in risk 
assessment and treatment [37]. 


1.5.4.1 Prognostic Stage Groups (Major 
Features) 

With the incorporation of serum PSA levels and 
GG into the AJCC prognostic stage groups, 
organ-confined PCa (T1-T2) may be staged as 
prognostic stage group IIA [37]. This is in dis- 
tinction to lymph node negative, non-organ- 
confined prostate cancer (T3-T4) (Fig. 1.11), 
where GG1-—GG4 is prognostic stage group IIIB, 
i.e., a stage group for which some clinicians 
would recommend adjuvant radiation. 
Adjustments in stage group selections were made 
in order to be consistent with the clinical risk 
groups in the guidelines, having similar treatment 
options for T3 or T4 and T1-T2 but with GG5 
and PSA of >20 ng/ml. Stage group IIC was also 
added [64]. Stage groups III and IV were both 
subdivided into A and B. This modification has 
been validated recently in a large radical prosta- 
tectomy cohort [65]. 


1.5.4.2 Union of the International 
Cancer Control (UICC), Eighth 
Edition 
Unlike the eighth edition AJCC, the eighth edi- 
tion of the UICC retained the pT2 substaging 
(pT 2a, pT2b, and pT2c) and adopted the GG. The 
designation of pNmi (mi stands for micrometas- 
tasis) for regional lymph node metastasis no 
larger than 2 mm has been added, although the 


Fig. 1.11 Radical prostatectomy specimen with extra- 
prostatic extension (arrow) 
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clinical relevance of this subcategory in PCa 
remains to be validated. The eighth edition UICC 
also omitted prognostic stage groups (i.e., with 
PSA and GG incorporated), only including the 
anatomic stage grouping [66, 63]. 


1.5.5 Clinically Significant Versus 
Insignificant Prostate Cancer 


The definition of clinically significant versus 
insignificant PCa is an ongoing process that was 
initiated several years ago, when evidence was 
acquired that a great proportion of men with PCa 
discovered at autopsy did not have any clinical 
signs and symptoms [67-69]. Studies looking 
into radical prostatectomy specimens established 
the definition of significant cancer for PCa: tumor 
volume of 0.5 cm’, GS 6 (GG 1), and organ- 
confined disease. Data from radical prostatec- 
tomy analysis were then used to develop 
prediction models for significant PCa in needle 
biopsies (Tables 1.3 and 1.4). 

The first of such models was used to identify 
the first active surveillance criteria, known as the 
Epstein criteria, in which patients with a GS 6 
(GG 1) PCa involving fewer than two cores, 
and < 50% of any given core, and a PSA density 
of <0.15 ng/ml per cm? had a minimal risk of sig- 
nificant cancer [68]. These criteria were then 
adopted in the definition of the “very-low-risk 
category” of the National Comprehensive Cancer 
Network guidelines. With the increase in the pop- 
ularity of active surveillance, much research has 


Table 1.3 Useful prognostic features in disease risk 
stratification on prostate biopsy 


Prognostic features 
Tumor histologic type (acinar, ductal, etc.) 


Tumor grade (Gleason score and grade group) 
Percentage of high-grade cancer 


Number of cores involved by cancer 


Percentage (or length in mm) of core involved by 
cancer 


Unilateral vs bilateral disease 


Perineural invasion 


Extraprostatic extension 


Seminal vesicle invasion 
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Table 1.4 Useful prognostic features in disease risk 
stratification on radical prostatectomy 


Prognostic teatürės 
Tumor histologic type (acinar, ductal, etc.) 


Tumor grade (Gleason score and grade group) 


Pathologic stage 


Extraprostatic extension 


Seminal vesicle invasion 


i Margin status 


Lymphovascular invasion 


Tumor volume 


been carried out to better define significant versus 
insignificant cancer, in order to be able to safely 
offer active surveillance to a larger proportion of 
patients without the risk of undertreatment [68]. 


1.5.6 Tissue Biomarkers 


Morphologic findings associated with PCa have 
been the most useful in predicting tumor biology 
and disease prognosis. Recent investigations 
have demonstrated that genomic biomarkers can 
predict clinical outcomes in a manner that out- 
performs traditional morphology-based tumor 
grading and staging [70-76]. 

There is an increased need for biomarkers to 
improve upon conventional risk assessment tools 
to aid in decision-making. Several diagnostic and 
prognostic biomarker tests have been introduced 
recently. These tests include PHI, 4 K score, 
SelectMDx, ConfirmMDx, PCA3, MiPS, and 
ExoDX. ConfirmMDx is the only tissue-based 
assay. Prognostic tests that have been used to aid 
in treatment selection (i.e., definitive treatment vs 
active surveillance) include OncotypeDX GPS, 
Prolaris, ProMark, DNA-ploidy, and Decipher 
[77-79]. 
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2.1 Introduction 

The role of multi-parametric MRI (mpMRI) in 
the diagnosis and management of prostate cancer 
(PCa) has evolved rapidly over the previous 
decade. For many years, PCa was diagnosed after 
a suspicious PSA and/or digital rectal examina- 
tion (DRE) prompted a transrectal ultrasound 
(TRUS)-guided template biopsy. The biopsies 
themselves were designed to sample the posterior 
prostate using a 6-core or 12-core template tech- 
nique. The detection rate of PCa using this 
modality alone ranges from 13% to 63% based 
on PSA level and DRE suspicion [1-5]. Occurring 
along parallel pathways, two significant changes 
in the diagnosis and management of prostate can- 
cer occurred. First, it became apparent that urolo- 
gists were identifying and treating a significant 
portion of clinically insignificant cancers. 
Second, men were being biopsied based on an 
imperfect screening test. As MRI technology 
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improved over the previous decade, its use in 
detection of PCa has expanded. At present, clini- 
cal indications include prior negative biopsies 
with ongoing clinical concern for underlying 
malignancy, presurgical planning, active surveil- 
lance, and local recurrence after prostatectomy. 
In this review, we will begin by discussing the 
role of mpMRI at time of initial diagnosis, both 
in the biopsy-naive and prior biopsy setting. We 
will discuss its use in active surveillance (AS), 
both in confirmatory biopsy and ongoing surveil- 
lance. Finally, we will review the role prior to 
local (or surgical) therapy of known PCa. 


2.2 Initial Diagnosis 
Most solid organ malignancies are identified 
using imaging, which may or may not prompt a 
biopsy for confirmation. Until recently, PCa was 
identified either by screening with PSA and/or 
DRE that would prompt a TRUS-guided biopsy 
or once the disease was already advanced and the 
patient was presenting with symptoms. An ideal 
screening test would be noninvasive and inexpen- 
sive and would identify men at risk for death or 
morbidity from disease and not identify men with 
clinically insignificant disease. This would mini- 
mize the rate of unnecessary biopsies and also the 
percentage of men found to have clinically insig- 
nificant disease. 

The role of mpMRI in the screening or initial 
diagnosis began in the setting of a prior negative 
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biopsy when there was still ongoing concern for 
malignancy. This represents a challenging group 
of patients, particularly when the PSA continues 
to rise. The fear is that clinically significant (CS) 
PCa still exists and many providers feel unpre- 
pared to offer their patients reassurance from the 
prior negative biopsy. The role of transperineal 
and extended or saturation biopsies has been pre- 
viously evaluated, and while they do identify 
more cancers than the standard TRUS-guided 
biopsy, they are more invasive and associated 
with additional morbidity [6, 7]. There are also a 
number of blood and urine biomarkers designed 
to improve patient selection including Prostate 
Health Index (PHI), ConfirmMDx, SelectMDx, 
and the 4Kscore. While these tests have been 
validated to risk-stratify patients regarding their 
likelihood of having CS-PCa, they fail to improve 
the diagnostic yield of repeat biopsies. mpMRI 
has the potential advantage in this setting to not 
only improve patient selection for biopsy, but 
also to help guide the biopsy with the expectation 
the this will improve the diagnostic accuracy. 


2.2.1 First Biopsy 

As the mpMRI and TRUS/MRI fusion technol- 
ogy improved and the ability to identify CS PCa 
in the repeat biopsy setting became more 
accepted, interest shifted to the use of mpMRI 
prior to the initial biopsy. Tontilla et al. evaluated 
130 biopsy naive men referred for prostate 
biopsy based on PSA elevation alone. Patients 
were randomized to mpMRI/TRUS fusion tar- 
geted biopsies or standard TRUS-guided random 
biopsies. The overall cancer detection rate was 
64% vs 57% (p = 0.5), while the CS PCa detec- 
tion rate was 55% vs 45% (p = 0.8). They con- 
cluded that the use of mpMRI/TRUS fusion 
biopsies did not improve the cancer detection 
rates compared to TRUS random biopsies alone 
[8]. In contrast, Gaunay et al. evaluated 400 men, 
of which 231 patients had no prior biopsy. The 
overall prevalence of PCa in this subgroup was 
55% with a CS PCa detection rate of 42%. The 
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mpMRI sensitivity, specificity, positive predic- 
tive value (PPV), and negative predictive value 
(NPV) were 94%, 36%, 65%, and 82% for all 
PCa, while it was 95%, 30%, 50%, and 89% for 
CS PCa [9]. These results are in line with 
Siddiqui et al., who found an overall cancer 
detection rate of 56%, while the CS PCa detec- 
tion rate was 32.7% in 196 biopsy naive men 
who underwent mpMRI followed by targeted 
fusion biopsies and concurrent standard biopsies 
[10]. The PRECISION trial was a multicenter, 
randomized non-inferiority trial which assigned 
500 biopsy naive men to either MRI with/with- 
out biopsy or TRUS-guided biopsy. The men 
with a positive mpMRI underwent targeted 
biopsy alone without random biopsy while those 
with a negative mpMRI did not undergo biopsy. 
Of the men with a positive mpMRI, the CS PCa 
detection rate was 38% compared to 26% in the 
TRUS-guided biopsy group (p = 0.005). They 
concluded that using mpMRI to target lesions 
prior to initial biopsy was a better approach in 
regard to CS PCa detection when compared to 
standard TRUS-guided biopsy [11]. 

The utility of a negative mpMRI is also con- 
tested at the present time. Wysock et al. examined 
75 patients with negative mpMRI prior to biopsy. 
In the biopsy naive subset, the NPV was 81.3% 
for all cancer detection and 98.7% for CS PCa. 
These findings suggest that in patients with a 
negative mpMRI, the TRUS biopsy can be 
avoided [12]. Elkhoury et al. came to different 
conclusions when examining their subset of men 
with negative mpMRI. In this group without an 
identifiable lesion, the PCa detection rate was 
15%. They concluded that the combined biopsy 
approach was superior to any biopsy approach in 
isolation. Additionally, given the 15% rate of CS 
PCa in men with normal mpMRI, a negative MRI 
should not obviate the need for systematic biopsy 
in men when it is otherwise indicated [13]. From 
the urologist’s standpoint, taking 12 systematic 
cores samples in the at-risk patient with a nega- 
tive mpMRI albeit with a small risk to the patient 
would be justified to miss the CS PCa present in 
15% of patients. 
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2.2.2 Repeat Biopsy 


There is increasing literature evaluating the 
patient population with a prior negative prostate 
biopsy with ongoing concern for malignancy. In 
the past, these patients have been subjected to 
multiple repeat systematic, non-targeted biop- 
sies. The benefits of mpMRI in this clinical set- 
ting are twofold. It could potentially demonstrate 
a targetable area or could conversely be non- 
suspicious and may provide reassurance to con- 
tinue to observe without necessitating a repeat 
biopsy. 

Gaunay et al. evaluated 282 men who had a 
history of negative biopsy who underwent 
mpMRI guided prostate biopsy. Of these patients, 
the overall prevalence of prostate cancer was 
42% with a CS PCa detection rate of 28%. The 
mpMRI sensitivity, specificity, PPV, and NPV 
were 94%, 37%, 52%, and 90% for all PCa, while 
it was 96%, 32%, 36%, and 96% for CS PCa [9]. 
This is in line with other studies which demon- 
strate a CS PCa detection rate of 16-40% when 
restricting to patients with Gleason >7 [14]. In 
2016, Wysock reported that in the prior negative 
biopsy subset of men with negative prostate 
MRIs, the NPV was 86.2% for all cancer detec- 
tion and 100% for CS PCa [12]. 

Several studies have also evaluated the 
mpMRI directed PCa detection rates stratified by 
the number of prior negative biopsies. While the 
rate of detection of CS PCa decreases with subse- 
quent biopsies when not utilizing MRI, there 
appears to be consensus that the inclusion of MRI 
allows for similar rates of detection. Sonn et al. 
evaluated the diagnosis of CS PCa (as defined as 
Gleason >7) in patients with 1, 2, 3, or > 4 prior 
biopsies and demonstrated no change in PCa 
detection between the groups (23-29%) [15]. 


2.3  Case2.1 

A 71-year-old gentleman who initially presented 
in 2004 for an elevated PSA as well as irritative 
voiding symptoms. He underwent a 12-core 


TRUS-guided biopsy at that time which was 
benign. He had a repeat biopsy in 2017 fora PSA 
of 4.4 which was also benign. He returned to the 
urology clinic in 2019 with a rise in his PSA from 
4.4 to 6.9 over 10 months. Of note, he had had 
several febrile UTIs over the previous few years 
but had sterile urine at the time of his evaluation. 
A SelectMDX was sent showing a 36% chance of 
Gleason 7 prostate cancer or worse. Given this 
information, he was scheduled for an MRI fusion 
biopsy. The mpMRI completed prior to his biopsy 
showed no lesions (Fig. 2.1). As such no targeted 
biopsies were taken, but a standard 12-core 
biopsy was still obtained. This returned with 
chronic inflammation in a majority of the cores. 
This case represents the patient with the ongoing 
clinical suspicion for clinically significant pros- 
tate cancer to include both PSA and SelectMDX. 
While a standard 12-core prostate biopsy was 
again performed, the mpMRI demonstrated no 
targetable lesions. This represents a case where 
the patient who did not benefit from repeat 
biopsy. Given the previously reported NPV of 


Fig. 2.1 (Case 2.1) No lesions within prostate as seen on 
coronal T2-weighted images. The prostate gland demon- 
strates areas of fibroglandular and stromal hyperplasia 
with well-circumscribed areas of benign appearing signal 
changes 
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90% for all cancer and 96% for CS PCa, we 
believe these patients could likely be observed 
without a biopsy at this time, particularly given 
the prior negative biopsies. Should there be ongo- 
ing increased suspicion in the future, the patient 
could undergo repeat imaging to assess for new 
lesions. 


2.4 Case2.2 

A 52-year-old gentleman who was referred for 
persistently elevated PSA and concern for under- 
lying prostate cancer in spite of three prior nega- 
tive 12-core non-targeted biopsies. Over 1 year, 
his PSA had risen from 8.9 to 21.6. His previ- 
ously measured prostate volume was 27.2 cc. 
mpMRI was obtained which revealed a highly 
suspicious PIRADS 4 lesion in the left anterior 
region of the prostate (Fig. 2.2). 

He underwent a targeted fusion biopsy of the 
lesion, in addition to a standard 12-core biopsy. 
The pathology revealed Gleason 3 + 5 = 8 disease 
in the targeted region. Additionally, Gleason 3 + 4 
was found in the left medial base and apex on the 
standard 12-core biopsy. After discussing the 
options with this patient, he elected to undergo a 
radical prostatectomy. The final pathology 
revealed Gleason 4 + 3 = 7 disease in the left ante- 


Fig. 2.2 (Case 2.2) Axial T2-weighted image showing a 
left anterior gland (PIRADS 4) lesion (arrow) in the 
peripheral zone 
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rior and left posterior prostate with extension into 
the bladder neck. This case demonstrates the situ- 
ation of multiple prior negative non-targeted biop- 
sies with ongoing clinical suspicion and the 
demonstration of a targetable lesion in the ante- 
rior gland. As reported earlier, misses of the non- 
targeted biopsies often occur in the anterior or 
apical regions of the gland, as in this patient. The 
dilemma in these patients is not whether to biopsy 
the target but what to do about the remainder of 
the gland. Our experience at the Indiana 
University, along with a review of the evidence, 
supports that using concurrent systematic biopsy 
along with the targeted fusion biopsy, 15% of can- 
cers are discovered outside of the targeted region. 

We extrapolate this to the initial biopsy patient 
without the need to present a further case. If we 
know that our standard biopsy template under US 
guidance missed a significant number of cancers 
and there is technology that will improve the accu- 
racy of the biopsy, it naturally follows that this 
should be implemented earlier in the diagnostic 
process. Limiting the widespread use of mpMRI 
prior to initial biopsy is the hardware availability, 
the radiologist’s expertise, and the cost of the 
exams. As these studies become more widespread, 
we would expect these issues to be resolved. 


2.5 Active Surveillance 


2.5.1 Confirmation 

In men with clinically localized very low, low, 
and low-volume intermediate-risk PCa, active 
surveillance (AS) has emerged as an important 
management strategy. The benefit of AS over 
more definitive treatment strategies includes min- 
imizing overtreatment with the potential side 
effects. There is still considerable anxiety related 
to this management paradigm, as both providers 
and patients alike fear underestimating the 
aggressiveness of the malignancy and the poten- 
tial risk of missing the window of opportunity for 
curative intervention. Although it is accepted that 
TRUS-guided biopsies miss between 30% and 
40% of clinically significant cancers and may 
underestimate the aggressiveness of cancer in 
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20-30% of cases, it remains the basis for patient 
selection into AS programs [16]. mpMRI aims to 
narrow this discrepancy and improve the diag- 
nostic accuracy of the biopsy and thus better cat- 
egorize the PCa patient. A meta-analysis reported 
that MRI was able to identify suspicious lesions 
suitable for AS in 2/3 of men [17]. 

Most patients that are entered on to an AS 
approach for PCa undergo a confirmatory biopsy 
prior to long-term management with an AS pro- 
gram. This represents an opportunity for improve 
risk assessment to better classify patients, serving 
to not only reassure providers and patients as to 
the extent of their disease but also to identify 
those patients with more aggressive appearing 
lesions potentially not sampled at the time of the 
initial biopsy [18]. If these targeted regions prove 
to be more aggressive disease, they would no lon- 
ger be eligible for AS and would be offered defin- 
itive treatment instead. 

Several studies have reported a NPV of MRI 
for CS PCa as high as 90% [19]. As such, a nega- 
tive mpMRI at time of confirmatory biopsy has 
been shown to be a good predictor of appropriate 
enrollment in AS. Second, if the mpMRI findings 
are discordant with the initial biopsy findings, 
either with a high suspicion score lesion in the 


same region or a new lesion identified in a difficult 
to biopsy region, this should prompt targeted biop- 
sies. While the PPV of the mpMRI in this setting 
when detecting high-risk disease is only 50-60%, 
it still upgrades patients in 40-60% of cases [20, 
]. Likewise, as the suspicion score to the lesion 
increases, so does the rate of upgrading [22]. 


2.6 Case2.3 

A 54-year-old gentleman with a BMI of 38 and a 
PSA of 4.1 who underwent a TRUS biopsy and 
was found to have low-volume Gleason 3 + 3 = 6 
disease. He underwent a Prolaris score (examines 
cell cycle protein expression) which was 4.6, a 
low score predicting him to have a low mortality 
risk stratification. He underwent a repeat system- 
atic non-guided TRUS biopsy demonstrating 
again Gleason 3 + 3 disease in the left apex and 
right mid gland. He was initiated on AS given the 
results of the repeat biopsy. Over the next few 
months, his PSA rose from 4.1 to 11.3, and he 
underwent a mpMRI prior to his confirmatory 
biopsy. There were two areas of concern: left 
posterior mid (PIRADS 3) and left anterior apex 
(PIRADS 4) lesions (Fig. 2.3). He underwent tar- 


Fig. 2.3 (Case 2.3) Axial T2-weighted images of (a) left posterior mid (PIRADS 3) and (b) left anterior apex (PIRADS 
4) lesions 
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geted biopsies of these two targets as well as a 
standard 12-core biopsy. Both the left posterior 
PIRADS 3 lesion and the left anterior apex lesion 
were Gleason 4 + 5 = 9 disease. Additionally, the 
12-core standard biopsy returned with Gleason 
4+4=8 and 4+ 5 = 9 along the left lateral 
biopsies. 

After a thorough discussion regarding the 
patient’s options, the patient elected to undergo a 
prostatectomy. Final pathology confirmed 
Gleason 4 + 4 = 8 with tertiary pattern 5. The can- 
cer was located in the left anterior, left posterior, 
right anterior, and right posterior quadrants. He 
had one lymph node with a metastatic deposit. 

This case highlights the 12-core systematic 
biopsy approach can clearly fail to detect very 
significant disease. The apical lesion was likely 
not sampled at the time of either TRUS biopsies 
due to not only the difficult location but also the 
patient’s body habitus. The mpMRI allowed for 
identification of this and subsequent sampling. 
This case thus highlights the need to consider not 
only the PSA kinetics but also the synergistic use 
of both traditional and targeted biopsies. 


2.6.1 Surveillance 

Additionally, a potential role of mpMRI has 
emerged in patients already on AS during the sur- 
veillance phase. The goal of ongoing surveillance 
with the use of repeat biopsies is to catch disease 
progression and thus offer further treatment. 
Along the same line, a reassuring repeat biopsy 
without evidence of progression affords the 
patient further delay of the potential side effects 
from definitive treatment. While there is currently 
a lack of consensus as to what signifies progres- 
sion while on AS, the following criteria are widely 
accepted: (a) detection of higher volume cancer 
and/or higher grade cancer on biopsy, (b) PSA 
doubling time of less than 3 years, or (c) unequiv- 
ocal clinical progression [23]. Definition of pro- 
gression relies heavily on the error-prone biopsy 
techniques and pathologic interpretation men- 
tioned above. mpMRI has been suggested as an 
adjunctive diagnostic test to improve the classifi- 
cation of patient while on AS. The use of mpMRI 
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appears to have a higher sensitivity than TRUS- 
guided biopsies for intermediate- and high-risk 
PCa [24]. Studies have evaluated whether or not it 
would be reasonable to observe, without repeat 
biopsy, the patient with a stable mpMRI, without 
the appearance of new suspicious lesions. mpMRI 
has been shown to have a high NPV for identifica- 
tion of men unlikely to be reclassified to higher- 
risk categories and thus change their management 
strategy [22]. This appears to be particularly 
promising when taking into account reassuring 
PSA kinetics, such as a stable absolute value, sta- 
ble PSA density, and/or prolonged PSA doubling 
times. As the comfort level of urologists with 
negative mpMRI grows, this may become the pre- 
ferred treatment approach. 

Several challenges exist in reference to this 
particular use of MRI. Conceptually, those 
patients with highly suspicious mpMRI lesions 
more often than not have disease not suitable for 
AS in the first place. Those patients with PIRADS 
4 or 5 lesions are likely selected out of this popu- 
lation prior to enrollment. As such, low-volume, 
lower-risk disease is often occult on imaging, and 
thus there is not a clear consensus as to what sig- 
nifies the progression of an existing lesion radio- 
graphically. Some considerations include a 
change in size, changing characteristics as seen in 
DWI, or an increase in the PIRADS score. Some 
less controversial indicators of progression 
include the appearance of new highly suspicious 
lesions as well as evidence of disease progression 
locally (extraprostatic extension, seminal vesicle 
involvement, nodal involvement). When interpret- 
ing mpMRI imaging in this setting, we therefore 
use a multidisciplinary approach to the patient, 
taking into account the original biopsies, PSA 
kinetics, patient specific risk factors, as well as the 
most current imaging. In most cases, evidence of 
disease progression seen on MRI prompts a repeat 
biopsy prior to initiating active treatment. 


2.7 Case2.4 

A 71-year-old gentleman who was diagnosed 
with Gleason 3 + 3 prostate cancer in 1/12 cores 
in 2015. He was enrolled in active surveillance at 
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Fig. 2.4 (Case 2.4) Axial T2-weighted image (a) and DWI (b) of two lesions (arrows) in the prostate apex: left anterior 
(PIRADS 4) and right posterior (PIRADS 3) 


that time and did not have a confirmatory biopsy 
or further imaging at that time. His PSA rose 
from 8.1 to 18.4 over 13 months, and he was seen 
for consultation. A mpMRI was obtained which 
revealed 2 lesions: left anterior (PIRADS 4) and 
right apex (PIRADS 3) (Fig. 2.4). He underwent 
a targeted fusion biopsy in addition to a standard 
12-core biopsy. Pathology revealed Gleason 
4 + 4 = 8 in the left anterior and Gleason 
4+5=9 in the right apex. Additionally, the stan- 
dard 12-core biopsy revealed Gleason 5 + 4 = 9 
on all six 6 cores from the right side of the gland. 

This case represents an example of a patient 
who was placed on AS without initial mpMRI or 
targeted biopsy. The first mpMRI showed clear 
evidence of disease. In this particular patient, the 
suspicions were confirmed and appropriate treat- 
ment was offered. 


2.8 Staging Prior to Local (or 


Surgical) Therapy 


Cancer staging is the most significant determinant 
of survival and often dictates the treatment strate- 
gies that should be considered. Clinical staging 


for prostate cancer has historically been deter- 
mined by a combination of digital rectal exam 
(DRE), laboratory testing (PSA), and pathologi- 
cal assessment of biopsy tissue (Gleason Score, # 
cores positive, % of core involvement). Using 
these determinants, the NCCN, AUA, EAU, and 
ASCO have developed varying risk classification 
systems which stratify patients into very low-risk, 
low-risk, intermediate-risk, high-risk, or very 
high-risk disease [25-28]. Additional imaging 
studies to further help quantify the extent of dis- 
ease may be warranted. In the past, staging for 
low-risk prostate cancer (cTlc, PSA < 10, and 
biopsy Gleason Score < 6) with imaging (CT, 
bone scan, and/or MRI) was vastly overused [29— 
]. The NCCN and the AUA has attempted to 
reduce the use of imaging studies in this popula- 
tion by including recommendations against imag- 
ing in their published guidelines and through the 
“Choosing Wisely” campaign [26, 32]. In men 
with more aggressive disease (or clinically sig- 
nificant prostate cancer), imaging studies may 
provide additional information to help physician 
and patients to decide the best treatment strategy 
in order to maximize oncological control while 
minimizing side effects of the treatment. 
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Radical prostatectomy is an accepted defini- 
tive treatment option for men with localized pros- 
tate cancer. Given the increased acceptance of 
active surveillance as an appropriate treatment 
option for men with very low, low and low- 
volume intermediate-risk disease, most men 
undergoing radical prostatectomy in the United 
States and Europe over the last decade have had 
intermediate or higher-risk disease [33-35]. 
More recently, the role of surgery in men with 
locally advanced or oligometastatic disease has 
garnered significant attention and is currently 
being assessed in SWOG-sponsored phase IMI 
randomized controlled trial (SWOG 1802). As 
such, the role of imaging for local staging has 
become increasingly more important in the group 
of men considering surgical therapy. 

The goals of radical prostatectomy are to 
achieve oncologic control with negative surgical 
margins while maintaining urinary continence 
and erectile function when applicable. The tech- 
nique of a nerve-sparing radical prostatectomy, 
popularized by Walsh in the 1980s, sought to 
maximize functional outcomes by sparing the 
neurovascular bundles that run on the posterolat- 
eral aspect of the prostate between the lateral 
prostatic fascia and the prostatic capsule [36]. A 
nerve-sparing procedure has been shown to 
improve erectile function and possibly urinary 
continence recovery [37-39]. Aggressive nerve 
sparing is associated with potential adverse 
events. The risk of positive surgical margins and 
subsequent potential for biochemical, local, and 
systemic recurrences may occur when nerve 
sparing is done in patients with extraprostatic 
extension (EPE) or when the capsule is violated 
in men with organ-confined disease [40-42]. 

There are two main differences between the 
concept of current prostate cancer treatment and 
the late 1980s when the nerve-sparing technique 
was described. First, in the previous era, the 
majority of patients had low-volume, low-risk 
prostate cancer. This cohort has very low risk of 
non-organ-confined disease; therefore, most 
positive margins incurred during nerve sparing 
were a result of surgical technique and not biol- 
ogy of the disease [43]. Currently, the majority 
of men being operated on have at least interme- 
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diate-risk prostate cancer which confers at least 
a 20% risk of pT3 disease which makes the deci- 
sion to perform nerve sparing more complex 
[44]. Information obtained from local staging 
studies may be influential to aid in this decision. 
Moreover, in recent years, more physicians are 
aggressively treating men with high-risk prostate 
cancer with radical prostatectomy [33-35]. 
Although nerve sparing may still be feasible in 
certain instances in this population, more com- 
monly surgeons are faced with the decision on 
whether or not to perform a wide resection or an 
extended pelvic lymph node dissection which 
may be aided by appropriate local staging [45, 
46]. Second, imaging studies used for local stag- 
ing have vastly improved since the 1980s. Spatial 
resolution for CT scans of the pelvis are poor 
making it hard to distinguish between the pros- 
tate and the surrounding soft tissue [47]. Prostate 
MRI has become a popular imaging technique in 
the 2000s due to its noninvasiveness, lack of ion- 
izing radiation, and superior resolution. The use 
of MRI in the diagnosis, staging, and treatment 
of prostate cancer has exponentially increased in 
the last decade which was associated with sig- 
nificant improvements in MRI quality [48, 49]. 
In this section, we outline clinical cases in which 
prostate MRI prior to prostatectomy influenced 
operative approach and technique in order to 
achieve the oncological and functional goals of 
the operation. 


2.9 Case2.5 

A 59-year-old man had been followed for 
10 years due to an elevated PSA. His PSA has 
slowly risen to 4.86. A 4Kscore demonstrated a 
10% risk of having aggressive prostate cancer. A 
standard 12-core TRUS biopsy was performed 
and showed | core positive for Gleason 3 + 4 dis- 
ease and | core positive for Gleason 4 + 3 disease 
of the right side. He had an isolated core of low- 
volume Gleason 3 + 3 disease on the left. An 
Oncotype DX genomic test showed very low-risk 
prostate cancer. The patient had minimal nocturia 
at baseline and erections sufficient for intercourse 
without the use of medications. 
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Fig. 2.5 (Case 2.5) Axial T2-weighted image (a) and 
ADC map (b) of a 1.4 cm right apical lesion (arrow). The 
lesion abuts but does not bulge or invade the prostatic cap- 
sule. A clear fat signal on the other side of the lesion and 


An MRI was ordered to assess the extent of 
disease and evaluate the feasibility of nerve spar- 
ing. The study demonstrated one PIRADS 3 
lesion in the right peripheral zone near the apex 
which corresponded to his TRUS biopsy pathol- 
ogy. The lesion measured 1.4 cm in diameter. The 
lesion was closely associated with prostatic cap- 
sule posteriorly but did not demonstrated defini- 
tive bulging or extraprostatic extension (Fig. 2.5). 
Given the reassuring MRI, he was taken to the 
operating room for a bilateral nerve-sparing pros- 
tatectomy and lymph node dissection. Final 
pathology demonstrated organ-confined Gleason 
3 + 4 prostate cancer with negative margins. 

It is important for the urologists to be familiar 
with the imaging sequences looking for signs of 
potential EPE and the vernacular that radiologists 
use when describing disease around the prostatic 
capsule. Extraprostatic disease has traditionally 
been evaluated using axial and coronal 
T2-weighted images. However, use of functional 
imaging sequences including diffusion-weighted 
imaging and dynamic contrast enhancement has 
been shown to aid in the detection of EPE [50, 
51]. Criteria for detecting EPE have been sug- 
gested to include at least one of the following: 
irregular capsular bulge, disruption of the pros- 
tatic capsule, gross extension into the prostatic 
fat, broad capsular contact (>12 mm), oblitera- 


the prostatic capsule is clearly visualized on the T2 image 
(arrowhead). A successful bilateral nerve-sparing prosta- 
tectomy was completed as a result 


tion of the rectoprostatic angle, or asymmetry of 
the neurovascular bundle [52]. At times, the radi- 
ology report may not specifically comment 
regarding the presence or absence of EPE but 
may include these other terms which may help 
the surgeon determine the risk of EPE and 
whether or not a nerve-sparing procedure is 
advisable. In this case, the MRI indicated that the 
lesion was abutting the capsule, but images did 
not meet any of the above outlined criteria for 
EPE. 

One of the main concerns in using prostate 
MRI for local staging is the relatively poor sensi- 
tivity. A recently published meta-analysis of 75 
studies and 9796 men indicated that the sensitiv- 
ity of MRI in predicting pT3a disease was low 
(0.57) [53]. This is likely due to the inability of 
MRI to detect microscopic foci of EPE leading to 
high false-negative rates and thus low sensitivity. 
False-negative MRIs (negative MRI for EPE, 
positive pathology for EPE) may increase the 
patient’s risk for a positive surgical margin and 
subsequent biochemical recurrence if nerve spar- 
ing is performed [40—42]. Surgeons must be cog- 
nizant of this limitation of MRI when planning 
operative approach. Some groups have suggested 
that combining MRI results with other readily 
available clinical and pathologic variables may 
improve the ability to accurately predict 
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EPE. Rayn et al. evaluated a cohort of 532 men 
who underwent 3 Tesla MRI and fusion biopsy 
prior to radical prostatectomy to determine if the 
results of the MRI improved the predictive ability 
of the Partin Tables and the MSKCC nomogram 
in determining pT3a disease. The predictive 
accuracy increased substantially when MRI 
results were added to the models (Partin Tables: 
AUC 0.66 vs 0.8, p < 0.001; MSKCC AUC 0.7 vs 
0.8, p = 0.003) [54]. A similar study from the 
Mayo Clinic confirmed the beneficial predictive 
effects when combining MRI results to CAPRA-S 
and the Partin Tables [55]. Thus, it may be pru- 
dent to use these predictive models which incor- 
porate clinical and pathological variables with 
radiographic findings rather than radiographic 
findings alone. 

Nevertheless, numerous studies have evaluated 
the impact of MRI to effect a surgeon’s operative 
plan. A single-center study of 438 men scheduled 
to undergo prostatectomy were randomized into 
MRI and no-MRI groups. The primary endpoint 
was positive surgical margin rates. Men in the 
MRI group had similar surgical margins rates (43, 
19%) as men who did not have an MRI (49, 23%). 
Authors admitted numerous study limitations 
including the non-blinding of radiologists to clini- 
cal variables; therefore, the true impact of MRI on 
the primary outcome is unknown. More illuminat- 
ing were the comments regarding suboptimal 
communication between radiologists and urolo- 
gists which may have been the main reason a ben- 
efit was not seen in the MRI group [56]. Results of 
a single-institution cohort study emphasized this 
latter opinion. Authors demonstrated the impor- 
tance of case presentation at an MRI conference 
prior to prostatectomy on surgical margin rates 
and degree of nerve sparing. Five-hundred fifty- 
seven men who underwent MRI and case discus- 
sion were compared with 410 men who did not. 
Positive surgical margin rates were lower in the 
MRI group (26.7% vs 33.3%) which may be due 
to the higher likelihood of men in the MRI group 
to have a non-nerve-sparing surgery [57]. We rec- 
ommend that most centers, especially ones begin- 
ning an MRI prostate program, develop similar 
collaborative approaches in order to maximize 
benefit of imaging. 
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Other non-randomized studies have demon- 
strated potential benefits of using MRI prior to 
prostatectomy to guide operative approach. A 
multicenter European study evaluated 137 men 
who underwent MRI prior to prostatectomy over 
a 6-month period. The Tewari nerve-sparing clas- 
sification system was used to grade the degree of 
nerve-sparing planned prior to and after the MRI 
was completed. In this grading system, nerve- 
sparing Grades 1-2 are more aggressive tech- 
niques which aim to preserve all (Grade 1) or 
most (Grade 2) of the neurovascular bundle, 
whereas Grade 3 is a partial nerve sparing and 
Grade 4 is a non-nerve-sparing procedure [58]. 
The results of the MRI forced a change in opera- 
tive approach in 46.7% of patient-based and 
56.2% of side-based cases. Remarkably, changes 
in approach were almost equally split between 
more aggressive resection of the neurovascular 
bundle and more aggressive nerve sparing. 
Appropriateness of change in operative approach 
was judged by presence of positive surgical mar- 
gins or EPE and judged to be 75%. In comparing 
this cohort to a control group of 161 men without 
MRI prior to prostatectomy, the positive surgical 
margin rate was substantially lower in men who 
underwent MRI despite more aggressive clinical 
and pathological characteristics (13.4% vs 
24.1%, p < 0.01) [59]. A second study similarly 
assessed if MRI could be better at selecting 
nerve-sparing candidates prior to surgery. In this 
prospective study of 105 men, all men were 
planned to undergo bilateral nerve sparing prior 
to MRI. After MRI, the operative plan changed in 
30% of cases to either a unilateral or non-nerve- 
sparing approach. Appropriateness of decision 
was judged in a similar fashion as the previous 
study. The decision to undergo bilateral nerve 
sparing based on MRI results was appropriate in 
70 of 73 cases. The decision to undergo unilateral 
nerve sparing based on MRI results was appro- 
priate in 28/32 cases. One significant limitation 
of this cohort was that most men in the study had 
low-risk disease [60]. Finally, a larger cohort 
study of 353 men from who underwent MRI prior 
to prostatectomy at a single institution was 
designed similarly to the previous two studies. 
Authors concluded that MRI significantly 
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improves decision-making during surgery [61]. A 
significant limitation of all of these studies is that 
it is unknown to what degree clinical factors or 
MRI data affected operative approach. 

Finally, the above case underlines the increas- 
ingly complexity of managing patients with ele- 
vated PSA and prostate cancer. Numerous 
ancillary tests were completed to determine need 
for biopsy (4 K), need for treatment (Oncotype 
DX), and operative approach (MRI). Some of 
these studies had discordant results. It is impor- 
tant to recognize the limitations of these ancillary 
studies and discuss these challenging cases at 
multidisciplinary tumor boards. 


2.10 Case 2.6 


A 63-year-old retired physician was referred to 
clinic for a second opinion of recently diagnosed 
prostate cancer. His PSA acutely rose from 3.95 
to 8.8. A standard 12-core TRUS biopsy was per- 
formed which showed all six cores taken from 
the left side of his prostate to be positive for high- 
risk Gleason 9 or 10 prostate cancer involving 
5-90% of each core. The patient had minimal 
lower urinary tract symptoms at baseline and was 
able to achieve erections sufficient for intercourse 
without medication. On physical exam, he had a 
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large firm nodule on the left side which 
corroborated with his biopsy results that seemed 
like it extended beyond the capsule of the 
prostate. 

An MRI was ordered preoperatively to assess 
the extent of disease. There was a large 2.3 cm 
PIRADS 5 lesion on the left apex of the prostate. 
There was no evidence of EPE, seminal vesicle 
invasion (SVI), or adenopathy. Selected images 
from that study are depicted in Fig. 2.6. Prior to 
surgery and after consultation with our genitouri- 
nary radiologists, we believed that there was 
clear capsular invasion on the left side (arrow- 
head in Fig. 2.6a). There were no abnormalities 
on the right. Therefore, we planned to perform a 
wide resection on the left side and nerve sparing 
on the right. Intraoperatively, our suspicion for 
left-sided EPE was confirmed. His final pathol- 
ogy was Gleason 4 + 5 prostate cancer, pT3a with 
EPE on the left. 

This case highlights a few important aspects 
for urologists to consider when using prostate 
MRI for operative planning. First, numerous 
studies have demonstrated high interobserver 
variability in interpreting prostate MRI images 
[62, 63]. Rosenkrantz et al. evaluated the interob- 
server variability of six experienced radiologists 
from six different institutions. While interob- 
server agreement was modest for detection of 


Fig. 2.6 (Case 2.6) T2-weighted image (a) and ADC 
map (b) of a large left apex lesion (arrow). Both images 
show abnormal MR signal beyond the prostatic capsule 
(arrowhead). A wide resection on the left was planned 


which allowed for negative surgical margins. Final pathol- 
ogy demonstrated pT3a disease on the left posterior- 
lateral aspect of the prostate 
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lesions with a PIRADS score of 4 or higher in the 
peripheral zone (kappa coefficient: 0.593) and 
the transition zone (kappa coefficient: 0.509), 
interobserver variability was high (kappa coeffi- 
cient: 0.289) when evaluating for definitive EPE 
on T2-weighted imaging [62]. One proposed 
explanation for these findings is the presence of a 
radiologic learning curve when interpreting pros- 
tate MRI [64-68]. Most of these studies have 
suggested that learning curves are present for 
radiologists in the diagnosis of prostate cancer. In 
one initial study, Latchamsetty et al. evaluated a 
cohort of 80 men who underwent endorectal coil 
MRI prior to radical prostatectomy at an institu- 
tion with little previous experience in prostate 
MRI. In this enriched cohort (all men included 
were at an elevated risk of having EPE based on 
clinical factors), MRI results were compared 
with pathologic specimens to determine the accu- 
racy of MRI in predicting EPE. Learning curves 
were assessed by comparing the accuracy of the 
first 40 cases with the second 40 cases. Sensitivity 
(31.3% vs 64.7%), specificity (70.8% vs 78.3%), 
positive predictive value (41.7% vs 68.8%), and 
negative predictive value (60.7% vs 70.5%) 
increased with increasing experience [66]. Jansen 
and colleagues recently published a cohort of 430 
patients which found different results. A cohort 
of 430 men who underwent MRI prior to prosta- 
tectomy were evaluated to assess staging accuracy 
and the effect of a radiologic learning curve. 
Sensitivity for EPE was low (0.45) and did not 
improve over time [68]. One potential way to 
improve the sensitivity of MRI interpretation and 
navigate a potential radiologic learning curve 
was proposed in a brief correspondence by Tay 
and colleagues. Authors suggested that combin- 
ing a standard MRI report, a second specialized 
MRI provided by a genitourinary radiologist 
blinded to the standard report and clinical vari- 
ables, and clinical variables could drastically 
improve the ability to predict pathologic pT3a 
disease [69]. These studies and the above case 
highlight the importance of discussing prostate 
MRI images prior to determining an operative 
plan. Prostate MRI has a poor sensitivity in detec- 
tion pT3a disease likely due to the inability to 
visualize microscopic foci of disease beyond the 
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capsule. Conversely and pertinent to this case, 
the specificity of MRI in detecting EPE is rela- 
tively high. The previously mentioned meta- 
analysis reported that the specificity of MRI for 
pT3a disease was 0.91 [53]. It seems most rea- 
sonable to adjust operative approach regarding 
nerve sparing based on MRI findings in situations 
where clear invasion on MRI is described. In 
instances where clear invasion is not described, 
decision to perform nerve sparing is best made by 
using predictive nomograms that incorporate 
clinical, pathological, and radiographic variables 
(54, 55]. 

A final salient point to consider is the size of 
the lesion found on the MRI. In the above case, 
the MRI described a relatively large (2.3 cm) pri- 
mary lesion. Men with EPE had significantly 
larger tumor diameters on final pathology than 
men with organ-confined disease (2.49 vs 
1.45 cm, p < 0.0001) [70]. Given that primary 
lesion size is a readily obtainable value on pros- 
tate MRI, this variable should be considered 
when determining operative plan. In fact, in the 
previously mentioned study by Rayn et al., the 
largest lesion diameter on MRI was the strongest 
predictor of EPE at the time of prostatectomy 
[54]. Thus, the index for suspicion for micro- 
scopic EPE should be higher in men with larger 
tumors even if the radiology report suggests 
organ-confined disease. 


2.11 Case 2.7 

A 69-year-old man has been followed for an ele- 
vated PSA for a number of years. He previously 
underwent a TRUS biopsy of his prostate in 2017 
which showed low-volume low-risk disease and 
subsequently was placed on active surveillance. 
He was referred to our institution for a prostate 
MRI and fusion biopsy due to a rise in his PSA to 
7.07. Selected images from the prostate MRI 
conducted prior to his consultation are shown in 
Fig. 2.7. There was a large T2 hypointense lesion 
incorporating the entirety of his left peripheral 
zone and extending into the transition zone and 
right side of the gland. There was clear evidence 
of EPE (Fig. 2.7b) and SVI (Fig. 2.7d). There 
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Fig. 2.7 (Case 2.7) Representative images of a large left- 
sided lesion (arrow) visible on (a). Axial T2-weighted (b). 
Coronal T2-weight and (c). ADC images. These images 
clearly demonstrate a large hypointense lesion originating 


appeared to be no evidence of disease on the right 
side of his gland. Pathology of his 2017 biopsy 
reported Gleason 3 + 4 disease and Gleason 3 + 3 
disease all on the right side of his gland. This 
case is interesting due to disease demonstrated on 
MRI, and prostate biopsy was incongruent. 
Given the findings of his MRI and previous 
prostate biopsy, a repeat biopsy was not con- 
ducted as the treatment was indicated. The patient 
elected for radical prostatectomy and bilateral 
pelvic lymph node dissection. A prostate exam 
was done prior to scheduling surgery to deter- 
mine if the prostate was resectable. Exam dem- 
onstrated a large prostate nodule on the left with 
clear evidence of EPE. The prostate was not fixed 
to the pelvic sidewall. As a result, a robotic pros- 
tatectomy was schedule with the plan to perform 


on the left and extending past midline. Image (d) shows 
the left seminal vesicle invasion as an area of low signal 
intensity and abnormal gland architecture 


a wide resection on the left and a nerve-sparing 
procedure on the right. Final pathology demon- 
strated a large 3.7 cm Gleason 4 + 3 primary 
tumor with EPE and SVI on the left. Surgical 
margins were negative. 

High-risk prostate cancer is most commonly 
defined using D’Amico criteria as men with a 
PSA >20, Gleason Grade of >8, or > cT3 disease 
[71]. More recently, NCCN guidelines have sepa- 
rated men in this group into high (cT3a, Gleason 
Grade Group 4 or 5, or PSA 20) and very high- 
risk disease (CT3b-T4, primary Gleason pattern 
5, OR > 4 cores positive with Gleason Grade 
Group 4 or 5) [26]. Based on the physical exam 
findings, this man would be classified into the 
high-risk NCCN category. This patient’s MRI 
result and physical examination gave a hint at the 
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extent and significance of his disease and dictated 
the operative strategy. A wide resection operative 
approach is reserved for patients with high dis- 
ease burden due to the potential lower rate of 
positive surgical margins which increases the 
likelihood of cancer control while potentially 
reducing the need for adjuvant therapy. This tech- 
nique sacrifices the neurovascular bundle which 
allows for a generous margin on the posterior- 
lateral aspect of the prostate. This approach has 
been previously described in detail for open, 
laparoscopic, and robotic techniques [46, 72-75]. 
A retrospective cohort study evaluated oncologic 
and functional (urinary) outcomes in men under- 
going wide resection (129 men) and non-wide 
resection (354 men) robotic prostatectomy for 
intermediate- or high-risk prostate cancer. As 
expected, men who underwent wide resection 
had more advanced clinical (clinical stage, biopsy 
Gleason Grade, CAPRA-9) and pathological dis- 
ease (pathologic stage, prostatectomy Gleason 
Grade, CAPRA-S) than men who did not have a 
wide resection. However, the incidence of posi- 
tive surgical margins was similar between the 
groups (20% wide resection vs 22% non-wide 
resection, p = 0.505), and a wide resection tech- 
nique was responsible for a clinically meaningful 
reduction in odds of a positive posterolateral sur- 
gical margin on multivariate analysis (OR 0.73, 
95%CI 0.38-1.41). Surgical technique in this 
series did not influence biochemical recurrence- 
free survival which is more likely driven by the 
biology of the disease than the surgical technique 
in men with high-risk disease. Finally, urinary 
control as assessed through two validated ques- 
tionnaires was similar between the two groups 
with most of the improvement in urinary control 
occurring in the first 6 months [46]. In this par- 
ticular case, a wide resection on the left allowed 
us to obtain negative surgical margins. A nerve- 
sparing approach on the right hopefully mitigated 
some of the potential urinary and erectile func- 
tional decline. Further follow-up regarding the 
association between surgical approach, recur- 
rence, adjuvant therapy, and functional outcomes 
is certainly needed. 

Finally, this case once again highlights some 
of the issues of using MRI solely to dictate opera- 
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tive plan. This particular case demonstrated mac- 
roscopic cT3a and cT3b disease which was 
appropriately reported by the radiologist. As 
mentioned, the specificity of MRI reported in a 
large meta-analysis in predicting pT3a disease 
(0.91) and pT3b (0.96) is exceptional which is 
due to low false-positive results [53]. High speci- 
ficity of MRI makes intuitive sense; when lesions 
are large, they are easier to visualize and accu- 
rately predict. However, MRI has poor sensitivity 
in determining pT3a (0.57) and pT3b (0.58) dis- 
ease preoperatively due to high false-negative 
rates given the inability of MRI to accurately 
visualize microscopic (or focal) disease outside 
of the prostate [53]. A recent study attempted to 
develop a model to predict pT3b disease preop- 
eratively using clinical variables and MRI data 
(similar to the previously discussed studies devel- 
oping models for prediction of pT3a disease). 
Results were limited as only 8% of the study 
cohort had pT3b disease. Nevertheless, MRI data 
(AUC 0.591) was inferior to clinical variables 
(AUC 0.85) in the ability to predict pT3b disease 
[76]. 


2.12 Case 2.8 


A 65-year-old male was initially seen by his pri- 
mary urologist for an elevated PSA to 12.9. A 
prostate MRI prior to any biopsy demonstrated 
two PIRADS 5 lesions. One was located in the 
right anterior lateral peripheral zone, and a 
smaller 6 mm lesion was located in the right pos- 
terior peripheral zone (Fig. 2.8a, b). The MRI 
also indicated that there were two lymph nodes 
visualized in the iliac chain that did not meet size 
criteria for metastasis but were suspicious 
(Fig. 2.8c). There was no formal comment on 
EPE or SVI. 

A prostate biopsy was done which showed 
high-risk PCa. His disease was confined to the 
right side of his prostate. The patient had Gleason 
4 + 3 and Gleason 4 + 4 disease in 5 cores with 
10-70% core involvement. Staging CT of the 
abdomen and pelvis and bone scan was com- 
pleted and demonstrated no obvious metastatic 
disease. Of note, the iliac chain lymph nodes 
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Fig. 2.8 (Case 2.8) Axial T2-weighted image (a) and 
ADC map (b) demonstrating one of the two large PIRADS 
5 lesions (arrows) detected on the patients initial MRI. No 
obvious indication of EPE was noted. (c) Axial 


demonstrated on the MRI were not mentioned in 
the CT report (images not shown). The patient 
underwent a PSMA-PET-MRI which confirmed 
the presence of two PIRADS 5 lesions on the 
right side of his prostate (Fig. 2.9a). There was no 
macroscopic EPE or visible SVI. Radiotracer 
uptake was visualized in the two left-sided iliac 
chain lymph nodes which corresponded to the 
enlarged lymph nodes reported by the MRI 
(Fig. ). There was no radiotracer uptake on 
the right-sided pelvic lymph nodes. The patient 
ultimately elected for surgical resection. The ini- 
tial operative plan was for an extended pelvic 
lymph node dissection and a left unilateral nerve 
sparing due to the risk of having microscopic 
extracapsular extension on the right. Lymph node 


T2-weighted image with fat suppression demonstrates 
multiple suspicious lymph nodes in the left iliac chain 
(arrows) 


dissection included the external iliac, obturator, 
perirectal, and common iliac lymph nodes bilat- 
erally. A frozen section of a lymph node at the 
bifurcation of the iliac vessels on the left was 
taken and came back consistent with metastasis. 
When dividing the prostatic pedicles, nerve spar- 
ing on the left was aborted due to grossly abnor- 
mal tissue resulting in poor surgical planes. Final 
pathology demonstrated a Gleason 4 + 3 prostate 
cancer with 30% ductal variant. The primary 
lesion was on the right side measured 3 cm in 
diameter and was associated with bilateral EPE 
and right SVI. Two of the 11 lymph nodes 
removed were positive for cancer. The positive 
nodes were all taken from the left-hand side. This 
and the next case highlight some of the emerging 
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Fig. 2.9 (Case 2.8) PSMA-PET-MRI scans of the pri- 
mary lesion (a) and pelvic lymph nodes (b-c) which cor- 
respond to the MRI findings. The prostate lesion and 
pelvic lymph nodes demonstrated PSMA avidity. Given 


imaging techniques which may have potential 
utility in the diagnosis, staging, management, 
and treatment of prostate cancer. PSMA, or pros- 
tate specific membrane antigen, is a transmem- 
brane protein expressed in normal and prostate 
cancer cells which has been used as a target for 
functional imaging studies and may be a target 
for drug delivery and treatment in the future. The 
majority of data investigating functional imaging 
with PSMA in prostate cancer staging exists with 
PSMA-PET-CT scans. The largest study to date 
evaluating PSMA-PET-CT scans in staging was 
recently published by Yaxley et al. In a retrospec- 
tive cohort study of 1253 men undergoing stag- 
ing prior to primary treatment of prostate cancer, 
metastatic disease was suggested by PET avidity 
in 12.1% of men. Increasing PSA, International 
Society of Urological Pathology (ISUP) grade, 
and radiologic staging with MRI were all prog- 
nostic markers for PET avidity and suspected 
metastatic disease. Of note, this study did not 


these findings, a right-sided wide resection and extended 
pelvic lymph node dissection were planned which con- 
firmed right-sided extraprostatic disease and two positive 
lymph nodes on the left 


confirm metastasis suspected on PSMA scans 
with pathology [77]. The same group addressed 
this issue partially in another recent study which 
the sensitivity, specificity, positive, and negative 
predictive values of PSMA-PET-CT on pelvic 
lymph node staging were calculated using surgi- 
cal pathology as the reference standard. Only 21 
of the 55 men with metastatic disease on surgical 
pathology had lymph nodes identified on presur- 
gical staging (sensitivity 38.2%). One-hundred 
forty-three men did not have metastasis on 
imaging. Thirty-four of these men had metastasis 
on pathology for a negative predictive value of 
80.8%. Authors concluded that while specificity 
was quite high (93.5%), sensitivity was low; 
therefore, pelvic lymph node dissection is still 
the gold standard way to stage the pelvic lymph 
nodes [78]. A big issue in our presented case, 
which is highlighted in the latter study by Yaxley 
et al., is the potential for controversy when using 
these functional tests in preoperative staging. 
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Traditionally, operative procedures have not been 
indicated in men with suspected or confirmed 
oligometastatic metastatic disease. With these 
newer imaging studies, there is potential to diag- 
nose more men with lymph node or distant 
metastases prior to surgery when compared to 
standard staging imaging. Therefore, treatment 
dilemmas may arise. Results from a subgroup 
analysis of the randomized controlled trial 
STAMPEDE and several other population-based 
and prospective studies suggest potential benefit 
of treatment of the primary cancer in the setting 
of oligometastatic disease [79-83]. 

In this particular case, a PSMA-PET-MRI was 
completed. The benefits of performing a PET- 
MRI instead of a PET-CT scan are similar to the 
benefits of standard MRI compared to CT scans: 
better spatial resolution of soft tissues. A pilot 
study of eight patients evaluated the initial clini- 
cal feasibility and reproducibility of performing 
whole-body PSMA-PET-MRI in men with a new 
or recurrent diagnosis of high-risk prostate can- 
cer. Scans were able to visualize the dominant 
intraprostatic lesion in all seven patients who pre- 
viously did not have treatment. Local staging was 
also complimentary between PET and MRI 
images in the majority of patients. Authors sug- 
gested that their protocol was successful, yet fur- 
ther studies were needed [84]. A second larger 
cohort study of 122 men evaluated PSMA-PET- 
MRI for staging prior to a planned prostatectomy. 
Imaging was able to correctly identify prostate 
cancer lesions in 97% of cases and changed the 
therapeutic treatment plan in 28.7%. For those 
men who underwent surgery, PET-MRI were able 
to accurately predict T-stage in 82.5% and node 
positive disease in 93%, respectively [85]. In our 
study, the MRI and the PSMA-PET-MRI were 
both able to visualize the two PIRADS 5 lesions 
on the right side of his prostate. Additionally, the 
suspicious nodes in the left iliac chain initially 
visualized on MRI demonstrated PSMA avidity. 
These congruent findings dictated our initial 
operative plan. Resection of the neurovascular 
bundle on the right was planned due to the domi- 
nant PIRADS 5 lesions, Gleason Grade, and risk 
for EPE. A nerve-sparing procedure was planned 
on the left due to the reassuring images. 
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Additionally, an extended pelvic lymph node dis- 
section was planned due to the abnormal pelvic 
lymph nodes. Our case also highlights how visual 
cues and intraoperative assessment are a key 
component to performing oncologic efficacious 
surgery. During the operation, abnormal tissue 
was visualized outside of the prostate on the left 
which was presumed to represent extraprostatic 
disease. This was confirmed on final pathology. 
Surgeons should keep this in mind when using 
imaging to guide an operative approach: make a 
plan prior to the operation and be willing to 
change that plan intraoperatively if the surgery is 
not going well. 


2.13 Case2.9 


A 52-year-old male initially presented to an out- 
side institution for bloody ejaculate. His PSA 
was found to be elevated at 20.2. A PSA obtained 
2 years previously was 2.7. He had no voiding 
issues or sexual dysfunction. A standard 12-core 
TRUS biopsy was done in early 2019 demon- 
strated high-volume Gleason 4 + 5 prostate can- 
cer in all six cores taken from the right side of his 
prostate. Staging CT scan of the abdomen and 
pelvis and bone scan were negative except for 
some suspected post-biopsy artifact visualized on 
the right side of his prostate (not shown). 

Given his young age, good health, and high- 
risk disease on biopsy, he was referred to our cen- 
ter for consideration of surgical therapy or 
possible enrollment in clinical trials investigating 
new imaging modalities. After informed consent, 
he was enrolled in a clinical trial designed to 
evaluate the utility of PSMA-PET-MRI in the 
pretreatment setting. Selected images from his 
PSMA-PET-MRI are shown in Fig. 2.10. The 
large primary lesion encompassing the entire 
right side of the prostate was visualized 
(Fig. 2.10a). Multiple lymph nodes demonstrated 
PET avidity predominantly in the right external 
iliac chain. After extensive discussion with the 
patient regarding the imaging study and potential 
treatment options, the patient elected for radical 
prostatectomy and bilateral pelvic lymph node 
dissection with the understanding that multi- 
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Fig. 2.10 (Case 2.9) Axial (a and b), coronal (c), and 
sagittal (d) PSMA-PET-CT images depict a large right- 
sided lesion which extends beyond midline. Evidence of 
PET avidity in the pelvic lymph nodes (circles) on axial 


modal therapy for treatment was likely. Given the 
superior extent of the suspected positive lymph 
nodes, an open radical retropubic lymph node 
dissection was planned. A wide resection was 
planned on the right. A nerve-sparing procedure 
was planned on the left. 

The prostatectomy and external iliac and obtu- 
rator lymph nodes were removed prior to enter- 
ing the peritoneum and performing an extended 
dissection on the right up to the mid paracaval 
region (Fig. 2.11). Final pathology demonstrated 
a large 3.8 cm right-sided Gleason 4 + 5 lesion 
with right-sided EPE and bilateral SVI. Six of 24 
removed lymph nodes were positive for cancer 
including 2 lymph nodes in the left and right 
external iliac and obturator packets, 1 lymph 
node in the presacral packet, and 1 in the paraca- 
val packet. 


(b), coronal (c), and sagittal images (d). Note on the coro- 
nal and sagittal images the cephalad extent of the suspi- 
cious lymph nodes 


This case once demonstrates the utility of 
PSMA-PET in the ability to detect the primary 
lesion and accurately stage pelvic lymph nodes in 
the setting of high-risk disease. The abnormality 
in the prostate on the right side was thought to be 
post-biopsy hemorrhage artifact. However, on 
PSMA-PET-MRI, the primary lesion was easily 
visualized in MRI and PET sequences. CT scans, 
despite recent technology improvements and 
contrast enhancement, still lack the spatial reso- 
lution to distinguish between the prostate and 
adjacent structures to detect primary lesions and 
presence of periprostatic disease [86]. While 
MRI has been shown to be more effective in 
detecting primary tumors and periprostatic dis- 
ease than CT imaging, both modalities perform 
poorly in staging the pelvic lymph nodes [87]. 
Hovels et al. performed a meta-analysis of 24 
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Fig. 2.11 (Case 2.9) Intraoperative images representing 
the extent of the lymph node dissection on the right (a) 
and left (b). The prostatectomy and lower pelvic lymph 
node dissection were done prior to opening the perito- 
neum. The superior extent of the node dissection was 
completed after opening the peritoneum and entrance into 


studies to evaluate the diagnostic accuracy of CT 
and MRI in the diagnosis of lymph node metasta- 
ses. Pooled sensitivity and specificity for CT and 
MRI were 0.42 and 0.82 and 0.39 and 0.82, 
respectively. There was no statistical difference 
between either modality. Therefore, CT and MRI 
performed equally poorly in detecting lymph 
node disease which is not surprising given that 
these studies rely on size criteria of ~1 cm to sug- 
gest metastatic disease [88]. These results sug- 
gest the need for better imaging studies, perhaps 
functional imaging, which may be able to more 
accurately stage the pelvic lymph nodes. As 
addressed in the previous case, numerous studies 
have investigated the efficacy of PSMA-PET 
imaging (either CT or MRI) in staging the pelvic 
lymph nodes with varying success. Further 
research in this area is ongoing and eagerly antic- 
ipated. At least in the two cases presented here, 


the retroperitoneum. The right ureter is encircled and 
retracted with a vessel loop. The lymph node packets 
medial and lateral to the iliac arteries and lateral the vena 
cava are clearly removed up to the level of the mid vena 
cava 


we found that PSMA-PET-MRI accurately pre- 
dicted nodal disease. 
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3.1 Introduction 
The prostate is an accessory organ of the male 
reproductive system located within the midline of 
the pelvis and is contained within the 
subperitoneal space. The gland has the shape of 
an inverted pyramid, which encapsulates the 
prostatic urethra. The base of the gland is directly 
attached to the urinary bladder neck, while the 
apex of the gland is resting against the urogenital 
diaphragm. A normal gland is approximately the 
size of a walnut and weighs 15-20 g. Measurement 
on MRI or ultrasound is commonly performed 
using the approximation of an equation for a pro- 
late ellipsoid, which is measured by multiplying 
Length x Width x Height x 0.52, where 0.52 
approximates the constant of 2/6. The prostate 
gland enlarges with age, with young males hav- 
ing an average volume of 11.5 cc (range 1.6- 
20.6), which is increased to 39.6 cc by 60 (range 
38-83) [1, 2]. The prostate has a role of forming 
15-20% of the excretion in the normal ejacula- 
tion, forming a liquid medium for the spermato- 
zoa to Swim in, as well as provide a concoction of 
proteolytic enzymes, increasing the likelihood of 
successful fertilization [3]. 

Human prostate anatomy was described as far 
back as 1543 by Andreas Vesalius, but a system 
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of anatomical division of the prostate into lobes 
was not introduced until around 1912 [4]. Only in 
1982, were the four distinct anatomical regions 
that are used today defined and histologically 
described by John McNeal [5]. The four regions 
are the peripheral (PZ), transition (TZ), and cen- 
tral zones (CZ), as well as the anterior fibromus- 
cular stroma (AFS) (Fig. 3.1). In addition, 
non-anatomic carryover terms describing por- 
tions of the prostate are also in use, including 
“median lobe” or “central gland,” which can be a 
source of confusion in understanding the pros- 
tatic anatomy. The practicing radiologist’s role 
entails diagnosing prostate cancer, preparation 
and performing fusion biopsy, as well as staging 
and detection of recurrence. Each step requires 
an in-depth knowledge of prostate anatomy. 

In this chapter, the authors aim to explain the 
currently accepted prostate anatomy, with an 
emphasis on its appearance on MRI. The rela- 
tionships of the PZ, TZ, and CZ according to the 
division described by McNeal will be explained, 
as well as its importance for radiologists. 


3.2  Vascularization 

Vascular supply of the prostate arises from the 
prostatic arteries, which in turn typically arise 
from the anterior division of the internal iliac 
arteries. One should keep in mind that there is 
significant variability in origin of the prostatic 
arteries. It can arise from a common trunk with 
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Fig. 3.1 Prostate zonal anatomy delineated at the base 
(a), midgland (b), and apex (c) showing the relationship 
of the peripheral (blue), transition (yellow), and central 
(orange) zones. The sagittal image shows the path of the 
prostatic urethra (U), which can help in dividing the pros- 
tate into three equal areas in the cariocaudal dimension 
(d). Posteriorly, the prostate is bounded by the rectum (R) 


the superior visceral artery, directly from the 
anterior division of the internal iliac artery just 
distal to the takeoff of the obturator artery, or 
from the obturator artery. Some variations in ori- 
gin are of particular interest such as when arising 
from the pudendal and middle rectal arteries. 
This information is especially valuable in the set- 
ting of prostatic artery embolization (PAE) and 
could also be useful for urologists in surgical 


from the base to the apex. The urinary bladder (*) is 
located cranial to the prostate base. The levator ani muscle 
is closely related to the lateral borders at the prostatic apex 
(+). Medial to the ischial bones (+), the obturator internus 
muscles (arrowhead) forms the lateral border of the peri- 
prostatic tissues 


planning [6, 7]. Although arterial anatomy is 
variable to the extent that it may be supplied dif- 
ferently on each side, there are two main arterial 
branches that supply the gland itself on each side. 
The two branches can arise from a common trunk 
or from two independent prostatic arteries. The 
two branches are named according to the ana- 
tomical location where they enter the prostate as 
the anteromedial and posterolateral branch, with 
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the former supplying the TZ, while the latter sup- 
ply the PZ and apex. For the purpose of benign 
prostatic hyperplasia (BPH) treatment by PAE, 
selective embolization of the anteromedial 
branch is highly desired and is performed bilater- 
ally [8]. There is, however, a high rate of prostatic 
revascularization, which most commonly hap- 
pens from the posterolateral branch [8]. 

Venous drainage is from the prostatic venous 
plexus to the internal iliac veins. The venous 
plexus surrounds the prostate along its lateral 
and anterior margins [3, 9]. Age decreases the 
venous drainage within the lateral regions of the 
venous plexus, leaving the older men with a pre- 
dominance of the anterior venous plexus [9]. 
Notably, the internal iliac veins are intercon- 
nected with the vertebral plexus, which is 
thought to be the route of osseous metastatic 
spread. The name “venous plexus” may be mis- 
leading. It was once thought that this vascular 
complex contains solely venous vessels, but 
newer studies found that small arterioles are 
also intertwined among the larger venous com- 
ponent. On imaging, the arterial and venous vas- 
culature is not distinguishable from each other, 
but this finding has proven to be important for 
the surgeon as it may cause significant bleeding 
[10]. Recent literature also showed that there is 
a crucial role of the plexus in erectile dysfunc- 
tion [11, 12]. Thus, current surgical and radio- 
therapy techniques aim to maximize the 
preservation of this complex in order to preserve 
sexual function by maintaining the perineuro- 
vascular network. 


3.3 Lymphatic Drainage 

Lymphatic drainage of the prostate follows the 
venous system and is important in the accurate 
staging of prostate cancer. Nodes that are located 
lateral to the prostate and medial to the obturator 
muscles are the sentinel obturator lymph nodes 
and may also be referred to as the medial chain of 
the external iliac nodal group [13]. Less com- 
monly, there are lymph nodes which are directly 
adjacent to the prostate, seen in 4.4% of prosta- 
tectomy specimens [14]. Further drainage up the 
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iliac chain follows along the external iliac nodes’ 
medial and lateral chains. Alternatively, drainage 
may occur along the internal iliac nodes, although 
this is less common. In this case, the sentinel 
nodes are considered to be the junctional nodes at 
the confluence of the internal and external iliac 
vasculature. Some rarer routes of drainage 
include an anterior route following the perivesi- 
cal nodes which then drain into the internal iliac 
chain and up along the aorta. Another rare route 
would be the presacral route, which drains along 
the paramedian margin of the sacrum to the sacral 
promontory and onto the common iliac chain 
[15]. 

Sensitivity of lymph node metastasis depends 
on the size and has a variable sensitivity ranging 
from 24% to 75%. Nodes measuring more than 
10 mm in short axis on anatomical imaging are 
considered suspicious. However, there is increas- 
ing recognition that many smaller nodes can har- 
bor the disease as well. Additional features such 
as shape, architecture, or functional imaging may 
add to the specificity and overall accuracy of 
detecting nodes. 


3.4 Prostate Embryology 
and Anatomic Landmarks 
3.4.1 Embryology 


The primitive urogenital sinus extends from the 
embryonic hindgut as early as 8 weeks of gesta- 
tion. Subsequently, the primitive urogenital sinus 
forms the rostral end (forming the urinary blad- 
der), urogenital sinus (prostate), and penile ure- 
thra [16]. By 10 weeks, the prostate starts to form 
through the budding of epithelial cells through 
the urogenital sinus at the site of the Mullerian 
tubercle and is influenced by hormonal regula- 
tion [4]. The process is completed at full sexual 
maturation. Transition and peripheral zones have 
similar cell compositions, as both are derived 
from the urogenital sinus. The small differences 
in the cell ratios and patterns of glandular forma- 
tion result in different signal intensities on MRI 
[17, 18]. The central zone is derived from the 
Wolffian duct, which has histological characteris- 
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tics closely related to the lining of the ejaculatory 
ducts and seminal vesicles [18]. 

The McNeal’s anatomical differentiation of 
zonal anatomy that is visible on MRI is distinctly 
related to the different embryological origins and 
its patterns of epithelial cells in each specific 
zone. 


3.4.2 Prostatic Urethra 
and Verumontanum 


The prostatic urethra is a key landmark in the 
prostate extending from the neck of the bladder 
to the external urethral sphincter. The verumonta- 
num is a small section in the mid-prostatic ure- 
thra which drains the ejaculatory ducts and 
numerous small microscopic ducts from the 
CZ. It is an important anatomical landmark that 
divides the urethra into the proximal and distal 
parts (Fig. 3.2). It also demarcates the inferior 
extent of the transition zone, which is located 
superiorly [4]. Angulation of the prostatic urethra 
also occurs superior to the verumontanum and 
occurs at an angle of approximately 35 degrees 


Fig. 3.2 Anatomy of the seminal vesicle in the sagittal 
plane. The seminal vesicle (yellow) joins at its caudal end 
with the vas deferens (not shown) to form the ejaculatory 
duct. The ejaculatory duct then runs caudally and medi- 
ally to the verumontanum (V) and into the prostatic ure- 
thra (green) 
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[19]. With benign prostatic hyperplasia, the pros- 
tatic urethra elongates and becomes more angu- 
lated, causing obstructive symptoms in patients 
[9, 20, 21]. Numerous microscopic ducts drain 
from the PZ into the distal urethra. On MRI, the 
verumontanum may be identified as a focus of 
mid-prostatic urethral dilatation showing cen- 
trally increased T2 signal intensity surrounded by 
core of low T2 signal. These MR features corre- 
spond to increasing components of striated mus- 
cle fibers, which increase when moving caudally 
to the level of the external urethral sphincter [5, 
79]: 


3.4.3 Seminal Vesicles 


The seminal vesicles are paired organs which 
comprise of convoluted and interconnected diver- 
ticula. This organ measures approximately 3 cm 
in length and has a diameter of 1.5 cm in a young, 
healthy male [22]. The seminal vesicles originate 
at the prostate base and extend superiorly toward 
the urinary bladder. At the base of the prostate, 
the seminal vesicles join with the ipsilateral vas 
deferens to form two symmetrical ejaculatory 
ducts. The conjoined ducts then course caudally 
and medially toward the midline of the prostate 
where both empty into the verumontanum [19, 
23]. After ejaculation, the volume of the seminal 
vesicles decreases by approximately 40% [24]. 

On MRI, the fluid component of the seminal 
vesicles has an increased signal intensity on 
T2-weighted images. In older patients, the semi- 
nal vesicles are more likely to have a smaller vol- 
ume due to extrinsic compression by BPH [25]. 
Assessment of the seminal vesicles is important 
in the staging of prostate cancer. For an optimal 
MR evaluation, the seminal vesicles are best 
evaluated when full. For this reason, abstinence 
from ejaculation for 3 days prior to imaging is 
recommended [26]. 


3.4.4 Sector Maps 


Sector maps aide in anatomical localization of 
lesions; therefore it is important for the radiolo- 
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gist to know in order to help urologists and radia- 
tion oncologists in diagnosis and treatment 
planning. In PI-RADS v2.1, the revised sector 
map contains two additional sectors in the base 
PZ: right and left posterior PZ medial, as depicted 
in Fig. 3.3. With this revision, there are now 38 
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prostate sectors, plus 2 sectors for the seminal 
vesicles and 1 for the membranous urethra, 
amounting to a total 41 sectors [27]. The updated 
PI-RADS document continues to keep the gen- 
eral principles of dividing the prostate according 
to its histological makeup, as well as anatomical 


Fig. 3.3 Sector map according to PI-RADS v2.1. The 
segmentation model used in PI-RADS v2.1 employs 38 
sectors for the prostate, 2 sectors for the seminal vesicles, 
and 1 for the membranous urethra (total 41). The prostate 
is divided into the base, midgland, and apex. The transi- 
tion zone is divided into anterior (TZa) and posterior 
(TZp) portions at all three levels. The peripheral zone has 
an anterior (PZa), posterolateral (PZpl), and posterome- 
dial (PZpm) portions at the base, midgland, and apex. The 


central zone (CZ) is seen only at the base. This figure is 
from a patient with mild BPH. Most patients have pros- 
tatic components that are enlarged or atrophied, and the 
PZ may be obscured by an enlarged TZ, and CZ may not 
be easily identifiable. In such instances, a diagram is used 
as an approximation of the gland, and a sector map can be 
marked to indicate the location of the findings in addition 
to the written report. Asterisk (*) denotes the venous 
plexus seen anterior to the prostate 
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Fig. 3.4 Coronal (a), axial (b), and sagittal (c) T2-weighted images of a normal prostate demonstrating the prostate- 
seminal vesicle angle (a, b) and rectoprostatic angle (c) 


locations to aid in the description of prostatic 
lesions. Thus, the TZ is divided into 12 sectors, 
with 4 sectors at each of the 3 levels: apex, mid, 
and base. At each of the three levels, the TZ is 
divided into an anterior (TZa) and posterior 
(TZp) sectors on both sides of the midline. 

The PZ is divided into 18 sectors, anterior 
(PZa), posterolateral (PZpl), and posteromedial 
(PZpm) sectors at the base, midgland, and apex. 
The PZ occupies a larger proportion of the gland 
at the mid and apical levels and had increasing 
anterior component closer to the apex. The pros- 
tate base also contains two symmetrical areas in 
the medial portion of the gland, which represent 
the CZ. 

The anterior fibromuscular stroma is divided 
into right and left sections at the prostate base, 
midgland, and apex. The seminal vesicles are 
likewise divided into right and left sections. 

Other sectors maps exist, some of which are 
simpler with a smaller number of sectors. For 
example, one sector map is geared toward trans- 
perineal approach biopsies that sample the pros- 
tate from the apex longitudinally, which leads to 
a zonal sampling of prostate and is different from 
the more widely used transrectal approach [28]. 


3.4.5 Compartments and Angles 
The prostate and its neighboring tissues can be 


separated into compartments [27]. The peripros- 
tatic compartment contains the tissues surround- 


ing the prostate. Posteriorly, the rectoprostatic 
compartment contains the tissues posterior to the 
prostate and anterior to the rectum. The recto- 
prostatic angle is formed from the soft tissues 
between the rectum and prostate, with the angle 
measured between the anterior rectal wall and the 
posterior border of the seminal vesicles. 
Obliteration of this angle is considered as a sign 
of extraprostatic extension. Another angle is the 
prostate-seminal vesicle angle. This angle is 
measured best in the axial plane, and it can be 
obliterated with the extracapsular extension of 
the prostate cancer (Fig. 3.4). 


3.5 Zonal Anatomy 

Since the beginning of the MR imaging of the 
male pelvis in the 1980s, superior soft-tissue con- 
trast of the MRI was found to be correlating with 
zones of the prostate [29]. The regions that were 
described by McNeal had a direct correlation on 
imaging. The central, transition, and peripheral 
zones are differentiated on T2-weighted imaging, 
which is currently used as the dominant sequence 
to evaluate its morphology. 


3.6 Peripheral Zone (PZ) 

The PZ forms up to 70% of the gland by volume 
[19]. It is composed of small glandular tubules 
lined by simple columnar epithelium which 
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empty into larger ducts, surrounded by loosely 
bound muscle fibers [4]. The bilateral PZ form an 
incomplete ring encompassing the TZ in varying 
degrees along the gland. At the apex, almost all 
the tissue surrounding the urethra is PZ. Moving 
cranially, the PZ forms the outer border of the 
posterior, lateral, and anterolateral portions of the 
gland. At the base, the anterior horns are smaller 
and displaced by a larger fibromuscular stroma, 
which forms the anterior border of the gland at 
the level of the midgland and at the base [20]. 
The anterolateral portions of the PZ are often 
referred to as the “horns” and become less visible 
with development of benign prostatic hyperplasia 
(BPH). 

On MRI, the PZ has a homogeneous high sig- 
nal intensity on T2-weighted images that makes 
it easily distinguishable from the other zones; 
however, it is indistinguishable from the rest of 
the gland on T1-weighted images. Following the 
administration of intravenous contrast, the nor- 
mal PZ demonstrates uniform enhancement. 
Uniform signal intensity of diffusion-weighted 
imaging is also expected in the normal PZ, with- 
out areas of diffusion restriction. 


3.7 


Transition Zone (TZ) 


The TZ is composed of two symmetric lobes posi- 
tioned on each side of the prostatic urethra above 
the level of the verumontanum. It is absent at the 
prostatic apex in a normal gland but is present on 
each side of the urethra at the midgland and base 
[20]. Histological features of the TZ vary some- 
what from the PZ. First, the stromal component 
forms a dense layer and has a larger muscular 
component [30]. Ducts of the TZ are similar in 
number to PZ but are oriented laterally with sub- 
stantially smaller, arborizing branches that curve 
anteriorly toward the bladder neck [19, 31]. 

The TZ comprises 5% of the gland in young 
adults and grows with age to nearly replacing the 
entire gland in patients with severe benign pros- 
tatic hyperplasia [19]. Progressive growth can 
result in lower urinary tract symptoms and 
chronic bladder outlet obstruction due to com- 
pression of the urethra. 
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On Tl-weighted images, the TZ is usually 
indistinguishable from the rest of the gland but 
may contain blood products or proteinaceous 
material, which gives rise to foci of increased sig- 
nal intensity. The TZ on T2-weighted images 
demonstrates signal heterogeneity, which pro- 
gresses with age. In a young adult, it remains a 
minor component of the prostate with a uniform 
decreased signal intensity. With the progression 
of hyperplasia, TZ forms encapsulated nodules 
with variable signal intensities representing 
“glandular hyperplasia.” Intervening area of low 
signal intensity is often seen between the nodules 
likely representing “stromal hyperplasia.” 

The TZ is variable in size and appearance on 
MRI, but its boundaries are well-demarcated. 
The outer border is well defined by the “surgical 
capsule,” which is comprised of compressed stro- 
mal and fibromuscular tissue [32]. The term orig- 
inates from the surgical field as the dissection 
field along which enucleation was performed for 
the treatment of BPH, currently considered an 
obsolete technique due to newer, less invasive 
methods of treating BPH. The surgical capsule is 
well delineated on MRI as a well-demarcated 
border between the TZ and PZ, with low signal 
intensity on T2-weighted images [33]. 

3.8 Central Zone (CZ) 

The paired conical CZ extends along the ejacula- 
tory ducts, with the apex directed toward the 
verumontanum (Fig. 3.5). The CZ is formed of 
small acini and ducts closely following the ejacu- 
latory ducts. The cells are much larger and poly- 
hedral compared to the peripheral zone [4]. The 
base of the CZ comprises the majority of the pos- 
teromedial sector of the prostatic base [33]. 
Histologically, it has a distinct structure, with a 
notably larger epithelial component compared to 
the PZ and TZ [33]. The glands are of larger cali- 
ber, with the formation of intraglandular lacunae 
formed by tall columnar cells and a prominent 
basal layer [18, 34]. Separate draining orifices 
along the ejaculatory duct develop, and thus the 
zone is thought to be remnant tissue related to the 
Wolffian ducts. Embryologically, it is more 
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Fig. 3.5 The central zone (orange) in the coronal (a) and 
axial (b) plane. On the coronal plane, it may form a trian- 
gular shape of tissue which has a decreased signal inten- 


closely related to the seminal vesicles than the 
remainder of the prostate [35]. Unlike the TZ, the 
volume of the CZ decreases with age [33]. The 
term “central gland” should not be confused with 
the central zone. The central gland was a term 
commonly used to refer to the combination of the 
TZ and CZ based on older literature that sug- 
gested that these two zones could not be distin- 
guished on imaging. The use of this term is now 
discouraged. 


Anterior Fibromuscular 
Stroma (AFS) 


3.8.1 


The anterior portion of the gland is histologically 
different from the rest of the prostate. 
Anatomically, the AFS forms the entire anterior 
surface of the prostate, extending like an apron 
from the bladder neck to the prostate apex. 
Superiorly it blends with the smooth and skeletal 
muscles of the bladder, and inferiorly, it blends 
into the muscle fibers forming the urethral 
sphincter at the apex [19]. Histologically, it is 
composed of smooth and skeletal muscle fibers, 
which in turn blend with the urogenital dia- 
phragm along its caudal aspect [9, 33]. It is also 


sity on T2-weighted images when compared to the 
peripheral zone (blue) and can be delinated from the tran- 
sition zone (yellow) in most cases 


inseparable from the glandular portions of the 
gland; therefore, it is removed together with the 
remainder of the prostate during prostatectomy. 

The appearance of AFS on MRI is distinct 
from the rest of the gland. On T1- and T2-weighted 
imaging, it demonstrates a low signal intensity, 
much like skeletal muscle. It demonstrates no 
restricted diffusion with low signal intensity on 
all DWI sequences. The AFS is hypovascular 
relative to the glandular prostate on contrast- 
enhanced images [20, 33]. 


3.8.2 Prostate Capsule 


The prostate capsule is comprised of concentri- 
cally oriented fibromuscular tissue surrounding 
the majority of the gland. It is an important ana- 
tomical landmark for the staging of prostate can- 
cer. Some authors refer to it as pseudocapsule, 
because it is inseparable from the prostatic stroma 
and does not qualify as a true capsule in an ana- 
tomic or histologic sense [36]. At the base, there 
are small capsular defects at the origin of the 
ejaculatory ducts. Additionally, the prostatic apex 
has a poorly delineated capsule [5, 7]. Notably, 
there are innumerable areas of neurovascular 
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Fig. 3.6 Axial T2-weighted images of the prostate, 
showing the prostatic capsule (red) with a decreased sig- 
nal intensity, anterior fibromuscular stroma (blue), and 
neurovascular bundles (yellow) 


penetration through the capsule to supply the 
prostatic glandular structures, making the “cap- 
sule” porous. 

The capsule is visible on MRI as a dark rind of 
a decreased signal on T2-weighted images sur- 
rounding the majority of the gland (Fig. 3.6). It 
has an important role in prostate cancer staging, 
as the extraprostatic extension has been associ- 
ated with a higher risk of positive margins fol- 
lowing prostatectomy hence increasing the risk 
for biochemical recurrence and metastatic dis- 
ease [37—40]. 


3.8.3 Neurovascular Bundles 


Combination of nerve fibers and small vessels 
seen along the posterolateral border of the pros- 
tate is named neurovascular bundles (NVBs). 
These are nestled between three periprostatic 
fascial planes creating a triangular structure 
(Fig. 3.6). Lateral fascia bounds the NVB later- 
ally, Denonvilliers’ fascia posteriorly, and the 
prostatic fascia along the medial border. The 
NVBs are classically described to be localized in 
a triangular-shaped area posterolateral to the 
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gland at the 5 and 7 o’clock positions; however, 
the anatomy of the NVB is highly variable. Some 
studies show that more than half of the male pop- 
ulation lack the expected triangular shape and are 
located anywhere along the prostatic lateral sur- 
face, with a significant portion positioned anteri- 
orly [7, 41, 42]. The posterior part of the prostate 
at the 6 o’clock position has been shown to con- 
tain little to no nerve fibers [7, 43]. 

These paired structures contain nerve fibers 
originating from the pelvic plexus and ultimately 
innervate the bilateral corpora cavernosa and 
play an important role in erectile function [7]. 
Additional fibers arising from the pudendal nerve 
traverse along with the autonomic fibers and 
innervate the urethral sphincter and external ure- 
thral sphincter and help in maintaining urinary 
continence, which is another potential complica- 
tion following prostatectomy [44]. Current surgi- 
cal techniques aim to spare the excision of the 
neurovascular structures, which are needed to 
maintain these functions. 

The triangular anatomy is best appreciated on 
MRI along the base where the fascial triangle is 
largest, and the NVBs are easiest to identify sur- 
rounded by a high signal from adipose tissue on 
T2-weighted images. They appear as small punc- 
tate and tubular structures, which correspond to 
vessels and fibers. As they travel caudally, they 
give off small branches innervating the prostatic 
capsule [45] and eventually partially supply the 
urethral sphincter. At the apex, these bundles 
become intimately adjacent to the prostatic cap- 
sule and are therefore less discernible on MRI. 


3.8.4 Prostatic Cysts 


Multiple different cystic entities have been 
described within and around the prostate, which 
is beyond the scope of this chapter. Having pros- 
tate anatomy in mind, most commonly seen intra- 
prostatic cystic lesions are described below for 
the purpose of their identification on routine MR 
imaging. More in-depth reviews are available and 
may be of use for the practicing radiologist 
[46-49]. 
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3.8.5 Utricle Cyst 


As an embryological remnant of the Mullerian 
duct, utricle cyst is located at the midline and 
directly posterior to the prostatic urethra. It is the 
most common midline cyst, occurring in 1-5% of 
the population. On MR imaging, they are usually 
seen as pear-shaped cysts, which does not extend 
beyond the prostatic base but communicate with 
the prostatic urethra. Utricle cyst has shown to 
have an association with various genitourinary 
abnormalities and has rare reports of associated 
malignancies [48] (Fig. 3.7). 


3.8.6 Mullerian Duct Cysts 


Embryologically, these cysts result from fail- 
ure of regression and cystic dilation of the 
mesonephric duct. Compared to the utricle 
cyst, they tend to be larger and extend cranially 
above the prostate base. Unlike utricle cysts, 
there is no communication with the urethra but 
have a similar appearance on MRI. These cysts 
show high signal intensity on T2-weighted 
images and can have variable intensity on 


M. B. Czarniecki and J. H. Yacoub 


Tl-weighted images depended on hemor- 
rhagic/proteinaceous content [48]. 


3.8.7 Aging Prostate 


3.8.7.1 Benign Prostatic Hyperplasia 
Benign prostatic hyperplasia (BPH) refers to 
changes occurring in the TZ and is a process of 
focal reorganization of cells related to aging 
(Fig. 3.8). In effect, two types of nodules develop, 
with either a predominantly “glandular” or 
“fibromuscular/stromal” proliferation [33]. 
McNeal first hypothesized that the nodules are 
invaded by epithelial cells and subsequently 
develop a more glandular histological architec- 
ture [4]. 

On MRI, benign prostatic hyperplasia has a 
heterogeneous signal pattern. On Tl-weighted 
images, they usually appear isointense to the 
background prostate and can show foci of 
increased signal intensity from hemorrhage or 
proteinaceous material within a nodule. On 
T2-weighted images, the TZ is composed of 
well-demarcated or encapsulated nodules with 
intervening areas of low signal intensity. This 


Fig. 3.7 Axial (a) and sagittal (b) T2-weighted images 
demonstrate a utricle cyst arising at the level of the veru- 
montanum and extending cranially to the prostatic base 
(arrows). These are more common midline cysts and may 


be associated with certain congenital malformations. 
Mullerian duct cysts in comparison tend to be larger and 
extend beyond the level of the prostate base 


3 Zonal Anatomy of Prostate on MRI 


Fig. 3.8 T2-weighted axial images at baseline (a) and 
after 2 years (b) in the same patient. Over time, the transi- 
tion zone has become heterogeneous with areas of stromal 


appearance has been described as “organized 
chaos.” The nodules have variable T2 signal 
intensities, with some appearing predominantly 
hyperintense, while others show heterogeneous 
or low signal [33]. Nodules with diffuse low 
T2-weighted signal likely represent stromal 
hyperplasia, while other nodules likely represent 
glandular hyperplasia or a mix of stromal and 
glandular hyperplasia [50]. Nodules with stromal 
hyperplasia can be difficult to distinguish from 
prostate cancer and have also been shown to 
demonstrate restricted diffusion that makes them 
even more difficult to delineate from prostate 
cancer [51]. After the administration of contrast, 
nodules demonstrate variable enhancement with 
some demonstrating early hyperenhancement. 
One important variant that may be seen is the 
exophytic BPH nodule. This is a nodule within 
the PZ but is otherwise well encapsulated and 
follows the signal features of the TZ (Fig. 3.9). 
Version 2.1 of the PI-RADS guidelines 
released in 2019 clarifies the distinctions between 
TZ prostate cancer and BPH. BPH nodules on 
T2-weighted images should be completely 
encapsulated with a well-defined border. Nodules 
that have an incomplete capsule in one of the 
planes on T2-weighted imaging or have a 
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and glandular hyperplasia, while the peripheral zone 
decreased in volume by atrophy and compression by an 
enlarged transition zone 


Fig. 3.9 Axial T2-weighted image at the level of the apex 
demonstrates an encapsulated lesion, which is well- 
defined in the left anterior peripheral zone (arrow). Signal 
features of the lesion are consistent with a glandular BPH 
nodule. Its location outside of the transition zone though 
suggests an exophytic BPH nodule 


smudged appearance may be scored as suspi- 
cious TZ lesions [27]. 

When the TZ is enlarged due to BPH, it may 
protrude into the base of the bladder, which is 
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referred to as intravesical prostatic protrusion 
(IPP). This finding could be correlated with 
worse lower urinary tract symptoms [21] and is 
an important finding to recognize in surgical 
planning for prostatectomy [52]. This appearance 
is often referred to as “median lobe,’ which is 
carryover term from antiquated understanding of 
the prostate anatomy that divided the prostate 
into lobes instead of zones. 


3.8.8 Atrophy 


Atrophy, a phenomenon that primarily relates to 
the PZ, may be caused by inflammation, pharma- 
cological treatment, ischemia, prior radiation, or 
compression by enlarging TZ. The nuclei 
decrease in size proportionally to the reduction of 
secretory cell volume and may lose the ability to 
stain for PSA and PAP [5]. The cells appear 
crowded with a decrease in the volume of the 
cytoplasm and nuclei. Most cases of atrophy 
present from diffuse whole-gland changes, 
whereas less typical focal atrophic changes are 
thought to be associated with prior inflammation 
than with aging [5] (Fig. 3.10). CZ can also dem- 


Fig. 3.10 Axial T2-weighted image at the level of the 
midgland demonstrates an asymmetry in the peripheral 
zones, with linear and wedge-shaped areas of decreased sig- 
nal intensity and relative atrophy compared to the contralat- 
eral side. These changes, although nonspecific, may be seen 
in the setting of post-inflammatory fibrosis or atrophy 
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onstrate atrophy, which is primarily caused by its 
compression by the enlarging TZ (Fig. 3.9). On 
imaging, atrophy has nonspecific features but 
usually presents with volume loss and decreased 
signal intensity on T2-weighted images. The 
additional finding of mild restricted diffusion 
may lead to misdiagnosis with prostate cancer. 


3.9 Conclusion 


The prostate zonal anatomy is well delineated on 
MRI, with each zone having specific MRI char- 
acteristics. Benign prostatic hyperplasia of the 
transition zone and atrophy of the peripheral zone 
are associated with aging and result in variation 
of the proportions and signal characteristics of 
the zones. Understanding the normal appearance 
of the gland and the effects of aging is important 
in assessing prostate pathologies. Additionally, 
understanding the periprostatic anatomy is 
important for staging and directing the treatment 
plan. 
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4.1 introduction 

Though prostate MRI has been performed for over 
three decades, only in recent years has it become 
more widely adopted, largely driven by improved 
standardization and increasing clinical validation 
[1, 2]. Despite technical advances in MRI leading 
to the development of functional sequences capa- 
ble of assessing tissue properties such as tissue 
cellularity, microvascularity, and metabolites, 
T2-weighted imaging (T2WI) remains a critical 
component of the prostate evaluation. T2WI has 
the following key roles in a state-of-the-art multi- 
parametric MRI examination of the prostate: 


e Localization of normal anatomical structures 
and pathologic conditions 

e Assessment of the transition zone (TZ) and, to 
a lesser extent, the peripheral zone (PZ), 
according to the prostate imaging reporting 
and data system (PI-RADS) scoring system 

e Staging of prostate cancer 

e Segmentation (i.e., contouring) of the prostate 
gland to calculate gland volume 

e Planning and real-time guidance of prostate 
biopsies and focal therapies 
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The interpretation of prostate MRI using 
T2WI and other sequences will be discussed in 
depth in Chap. 7 of this book. In this chapter, 
we will (1) compare and contrast the different 
types of T2 acquisitions, (2) discuss the hard- 
ware considerations and technical parameters 
to optimize image quality based on PI-RADS 
recommendations [3], (3) provide insights on 
patient preparation and other patient-specific 
parameters that may affect the quality of T2WI, 
and (4) address some of the inherent limitations 
of T2WI. 


4.2 T2 Imaging Techniques 

Over the decades, different T2WI techniques 
have been developed and validated, each with 
distinct advantages and disadvantages (Table 4.1). 
These types of acquisitions can be broadly 
divided into 2D and 3D techniques. 


4.2.1 Two-Dimensional (2D) 


T2-Weighted Imaging 


Historically the prostate was imaged with con- 
ventional 2D spin echo (SE) technique, whereby 
a 90-degree pulse was followed with a 180-degree 
pulse and an echo. Modern imaging of the pros- 
tate relies on 2D rapid acquisition with refocused 
echo (RARE) techniques, also known as fast spin 
echo (FSE) or turbo spin echo (TSE) depending 
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on vendor (Table 4.2). In contrast to SE, FSE/ 
TSE techniques permit multiple 180-degree 
pulses and echoes for each 90-degree pulse, per- 
mitting substantial reduction of imaging time, up 
to an order of magnitude faster than conventional 
spin echo techniques [4]. These time savings can 
be applied toward increasing the echo time (TE) 
and repetition time (TR) for increased signal 
intensity and contrast, to acquire greater signal 
averages, or to increase the matrix size for better 
spatial resolution and greater contrast resolution 
(Fig. 4.1). 

Studies have found that compared with con- 
ventional spin echo, these modern techniques 
have improved overall image quality, pelvic 
organ differentiation, conspicuity of fluid, and 
identification of pathologic conditions [5]. FSE/ 
TSE techniques have also demonstrated improved 
diagnostic accuracy in staging (seminal vesicle 
invasion and identifying T3 disease) compared 
with conventional spin echo [6]. 

2D T2 motion reduction sequences such as 
periodically rotated overlapping parallel lines 
with enhanced reconstruction (PROPELLER 


Table 4.1 Comparison of various T2WI techniques 


Technique Advantages Disadvantages 
2D RARE/ Fast Sensitive to 
FSE/TSE Highest SNR motion 

2D radial Less motion Lower resolution 
k-space sensitive 

sampling 


Isotropic 3D | High resolution Sensitive to 


Potential for motion 
multiplanar Altered T2 
reformats contrast 
Lessened partial | resolution 


volume effects 


Abbreviations: RARE rapid acquisition with refocused 
echoes, FSE fast spin echo, TSE turbo spin echo, SNR 
signal-to-noise ratio 


or BLADE, depending on the vendor) continu- 
ously acquire low-resolution images with 
radial filling of k-space and oversampling at its 
center. The result is less motion sensitivity at 
the expense of reduced T2 contrast (Fig. 4.2). 
This sequence does not routinely replace TSE/ 
FSE sequences; however in some cases, it can 
be employed to salvage an otherwise limited 
exam (Fig. 4.3). 2D T2 PROPELLER/BLADE 
is often used in a single axial plane when 
motion-related artifacts are identified. One 
study found that it had comparable tumor 
localization when utilized in combination with 
diffusion-weighted images (DWI) and dynamic 
contrast-enhanced (DCE) images but not while 
utilized alone [7]. 


4.2.2 Three-Dimensional (3D) 
T2-Weighted Imaging 


Isotropic volumetric 3D T2WI can be performed 
as an adjunct to 2D T2WI. These sequences use 
long echo train lengths combined with ultrashort 
echo spacing and nonspatially selective refocus- 
ing pulses. The major advantages include higher- 
resolution imaging and decreased partial volume 
effects. The high-resolution submillimeter slice 
thickness can help troubleshoot areas where 
volume averaging may affect interpretation. For 
example, in some cases, it can help examine the 
integrity of the T2-hypointense signal of the 
prostate capsule in the evaluation of extra- 
prostatic extension (EPE) (Fig. 4.4). The hypoin- 
tense capsule around benign prostatic hyperplasia 
(BPH) nodules, an important feature that distin- 
guishes BPH from prostate cancer in the transi- 
tion zone, can also potentially be demonstrated 
on the thin slice images when they are not well 


Table 4.2 Vendor-specific T2WI sequence nomenclature cross-reference 


| Vendor 
Technique [Siemens | GE | Phillips | Hitachi | Toshiba 
2D RARE | TSE | FSE | TSE [FSE FSE 
Radial k-space sampling [BLADE | PROPELLER |MULTIVANE |RADAR _|JET 
Isotropic 3D [SPACE | CUBE | VISTA [ISOFSE |- 


4 12-Weighted Imaging 
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Fig. 4.1 Axial (a), sagittal (b), and coronal (c) T2WI FSE/TSE images of the prostate obtained in a 3T scanner with a 
pelvic phased-array surface coil 


defined on 2D images. Finally, the data set 
acquired with isotropic voxels can be used for 
multiplanar reconstructions (Fig. ). For this 
reason, some manufacturers of MR/ultrasound 
(US) fusion-guided biopsy devices recommend 
the use of 3D T2WI for the segmentation of the 
gland, although 2D acquisitions are also accept- 
able (Fig. 4.6). 

A 3D acquisition has a longer scan time com- 
pared with a 2D acquisition in a single plane. 
However, if reconstructions are created from the 
3D slab in lieu of acquiring multiple 2D sequences 


in individual planes, the overall acquisition time 
would be significantly less with a 3D sequence. 
One caveat of 3D imaging is that in order to 
obtain the 3D volume in reasonable scan time, 
the TR may need to be shortened which can influ- 
ence T1 weighting and cause subsequent altera- 
tion of image contrast [8]. An additional challenge 
is that 3D acquisitions are more sensitive to 
motion, and furthermore, the images are not 
available for review until the slab is completely 
imaged, so if motion is present, the entire scan 
time may be lost. 


54 


R. D. Ward and A. S. Purysko 


Fig. 4.2 Comparison between axial 2D TSE (a) and BLADE (b) T2W images of the prostate obtained in a 3T scanner 
with a pelvic phased-array surface coil 


In a comparison of 3D to conventional 2D 
TSE sequences, one study using a 1.5T magnet 
without endorectal coil (ERC) found no signifi- 
cant difference in sensitivity, specificity, PPV, 
NPV, or accuracy between the two in terms of 
prostate cancer detection and presence of extra- 
capsular extension [9]. Furthermore, while the 
2D TSE sequences had a higher signal-to-noise 
ratio (SNR), the 3D T2 sequence had better 
tumor contrast and was equivalent in terms of 
subjective image quality. In terms of time sav- 
ings, the authors found that the use of a single 
3D volumetric slab saved approximately 8 min 
of acquisition time compared with 2D TSE 
sequences acquired in the individual planes. 
Using a 3.0T magnet and ERC, another study 
found that the two sequences were not different 
in their ability to delineate the prostatic zonal 
anatomy and capsule or to depict cancerous 
lesions based on the comparison of reader’s 
confidence in tumor identification and tumor 
conspicuity. In addition, no differences were 
noted in regard to image distortion and motion 
artifact [8]. Similarly, the authors also note a 
44% reduction in scan time to acquire a 3D slab 
compared with acquiring the individual planes 
(4:30 vs. 8-9 mins). In a more recent study 
using a 3.0T magnet without an endorectal coil, 


the authors found that 3D T2WI significantly 
increased the sensitivity and reader’s confidence 
for detection of EPE [10]. 


4.2.3 Anatomic Planes 


According to the PI-RADS recommendations, 
2D T2WI should always be obtained in the axial 
plane, either as straight axial to the patient or in 
an oblique axial plane matching the long axis of 
the prostate (Fig. 4.7). A minimum of one addi- 
tional orthogonal plane (i.e., sagittal and/or coro- 
nal) is recommended. It is also important to 
emphasize that DWI, DCE, and T1-weighted 
images (T1WI) should be obtained in the exact 
same plane as axial T2WI to facilitate the precise 
correlation of findings observed on other pulse 
sequences. 

The axial T2WI optimally depicts the prostate 
zonal anatomy and its relationship to the urethra 
and is useful in the evaluation of extra-prostatic 
extension. Most initial anatomic and prostate 
cancer diagnostic assessments are based on the 
axial images, with further corroboration and 
localization using the other planes. 

The coronal T2WI depicts the peripheral and 
central zones well. The urethra and verumonta- 


4 T2-Weighted Imaging 


55 


Fig. 4.3 Axial 2D TSE (a) and 3D (b) T2WI of the pros- 
tate have motion-related artifacts with blurring of the 
prostate capsule and poor conspicuity of a focal lesion 
with low signal intensity in the right posterolateral 
peripheral zone (arrow, a and b). Axial 2D T2WI BLADE 
(c) shows no motion artifact, with improved lesion con- 
spicuity and better definition of capsular bulge that sug- 


gests the presence of extra-prostatic extension (arrow, €). 
The lesion had markedly restricted diffusion (i.e., mark- 
edly low signal intensity on ADC map [d] and markedly 
high signal intensity on DWI [e]) and early arterial 
enhancement on DCE (arrow, d-f). The lesion was biop- 
sied and found to be a prostate adenocarcinoma ISUP 
grade group 4 
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Fig. 4.4 Axial (a) and coronal (b) 2D T2WI demon- 
strates a left mid-posterior lateral peripheral zone lesion 
that abuts the capsule (arrow). There are corresponding 
restricted diffusion (d, ADC map; e, DWI, arrows) and 
enhancement on the post-contrast images (f, arrow). The 


high-resolution, thin-slice axial 3D T2 (c) demonstrates a 
definite extracapsular extension, which was not apparent 
on the 2D sequences (arrow). The lesion was biopsied and 
found to be an ISUP grade group 3 adenocarcinoma with 
cribriform glands 
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Fig. 4.5 2D TSE T2W images acquired in the oblique matted in the sagittal (e) and coronal (f) planes with 
axial (a), sagittal (b), and coronal (c) planes with 3 mm- 2.5 mm-slice thickness. Overall, 2D and 3D T2WI show 
slice thickness. 3D T2W image acquired in the oblique comparable image quality 

axial plane (d) with 0.75 mm-slice thickness and refor- 
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Fig. 4.6 MRI-targeted biopsy using MR/TRUS fusion 
system. Axial T2WI is used for segmentation of the gland, 
which provides the 3D measurement of the gland volume 
and the contour (green line) that will be overlaid on the 
TRUS images (a). Once the segmentation is performed, 
lesions of interest will be marked on the same T2WI (blue 


num can be seen in their long axes. The coronal 
T2WI also depicts the prostate’s relationship to 
the levator musculature, and it may also better 
evaluate the convergence of structures at the 
prostate base where partial volume averaging can 


line [b]). Image obtained during the MR/US fusion- 
guided biopsy shows the US image with overlaying MR 
contour (purple line) and target (green and red circle) 
while the biopsy needle (yellow line) hits the target. The 
bottom part of the image shows the T2WI for reference (c) 


impact evaluation [11]. The sagittal plane can be 
used to establish the relationship between the 
bladder, prostate, and rectum, and one can also 
see the full course of the prostatic urethra and 
bladder neck in a single image. 
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Fig. 4.7 Plane orientation and scan range. (a) Orange 
lines demarcate the range of acquisition of oblique axial 
T2WI, which extends from apex to the most superior 
aspect of the seminal vesicles. Green line represents the 
reference line for the oblique axial images (b), which are 
obtained perpendicular to the long axis of the prostate that 


4.2.4 Field of View and Other 
Technical Parameters 


The field of view should be set at 12-20 cm, 
which is large enough to image the entire pros- 
tate and seminal vesicles but small enough to 
not adversely impact resolution [3]. For 2D 
acquisitions, slice thickness should be set to 
3 mm and obtained without gaps. The in-plane 
dimensions should be set at <0.7 mm in the 
phase-encoding direction and <0.4 mm in the 
frequency-encoding direction. A TE 90-120 ms 
has been suggested to provide optimal soft tis- 
sue contrast needed to identify prostate cancer 
[12], though adjustments will need to be made 
based on available equipment due to differences 
in relaxation times between 1.5 and 3.0T scan- 
ners [13]. An example T2WI protocol, including 
these technical parameters, is included in 
Table 4.3. 
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aid 


extends from apex to base (white arrow). The urethra and 
anterior rectal wall can serve as a reference for the long 
axis of the prostate although these structures can be 
altered by benign prostatic hyperplasia and gaseous dis- 
tension of the rectum 


4.3 Hardware Considerations 


4.3.1 Magnet Strength 

While 1.5T magnets are acceptable for imaging 
of the prostate, 3.0T magnets are generally pre- 
ferred [14]. For patients with pelvic/hip prosthe- 
ses, brachytherapy seeds, or other metallic 
implants in the pelvis, it may be preferred to 
image on a 1.5T scanner to mitigate susceptibil- 
ity artifacts. While the theoretical gain in signal 
between 1.5 and 3.0T should be 2x, the actual 
incremental gain is 1.6—-1.8x increase in SNR 
depending on the type of sequence due to a num- 
ber of technical factors [15]. The gain in SNR can 
be leveraged to reduce acquisition time or to 
obtain higher-resolution images [16]. The 
improvements in SNR using a higher-strength 
magnet are not without trade-offs though, as sus- 
ceptibility, chemical shift, and other artifacts 
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Table 4.3 Sample T2WI protocol for a prostate MRI performed in a 3T system with pelvic phased-array surface coil 


Multiparametric MR imaging sequence parameters at 3T 


Parameter SAG 2DT2 |COR2DT2 |AX2DT2 T2 BLADE 3D T2 weighted (SPACE) 
Field of view (mm) |210 210 180 fa 240 
Acquisition matrix | 269 x 384 269 x 384 256 x 320 256 x 320 228 x 320 
Repetition time 3340 3260 3730 2500 2500 

(msec) 

Echo time (msec) 116 126 225 

Flip angle (degrees) | 120 120 138 | 135 Variable 
Section thickness 3 3 3 | 3 1 

(mm), no gaps 

Voxel size (mm) 0.5x05x3 |0.5x05x3 |0.6x0.6x3 | 0.7 x 0.7 x 3 0.8 x 0.8 x 1 
Time for acquisition | 1:55 2:31 2553. | 2:54 6:04 
(min/sec) 


increase proportionally with increasing magnetic 
field strength. 


4.3.2 Receiver Coil Selection 


There is variable utilization of endorectal coils 
across imaging centers. Studies have shown 
that 3.0T scanners with pelvic phased-array 
coil are comparable to 1.5T scanners with ERC 
in terms of prostate image quality [17]. 
However, patient discomfort, potential to dis- 
tort pelvic anatomy, cost, and time requirement 
have caused routine ERC use to fall out of favor 
at many institutions, particularly when 3.0T 
imaging is available. When used, a pelvic 
phased-array with at least 16 channels should 
be employed, as the use of dedicated multi- 
channel pelvic phased-array coils allows for 
improved SNR which permits smaller FOV and 
higher-resolution images [18]. 


4.4 Patient Preparation 

Many patient-related factors can influence the 
quality of prostate MRI. Several different patient 
preparation measures have been described, in 
some cases with mixed results. No consensus 
exists regarding recommendations for patient 
preparation, and practice patterns are largely 
driven by personal preferences. 


Time Interval Between 
Prostate Biopsy and MRI 


4.4.1 


A prostate biopsy can cause alterations in the nor- 
mal signal characteristics and morphology of the 
gland that can last from weeks to months. Post- 
biopsy hemorrhage can have low signal on T2WI 
that can be difficult to distinguish from cancer 
(Fig. 4.8) [19]. On TIWI, hemorrhage appears as 
hyperintense signal owing to the presence of met- 
hemoglobin. Therefore, T2WI should always be 
interpreted in correlation with T1 WI in the setting 
of a recent biopsy. Prostate contour changes can 
also occur after biopsy, which can mimic extra- 
capsular extension [20]. In light of these effects, 
patients should ideally wait at least 6-weeks post- 
biopsy before receiving MRI [3, 21]. 


4.4.2 Abstinence from Ejaculation 


Ejaculation has been shown to decrease the 
peripheral zone signal on T2WI [22]. Additionally, 
after ejaculation, the seminal vesicles may 
become collapsed, which can limit their evalua- 
tion in men aged more than 60 years [23]. Some 
institutions request that their patients abstain from 
ejaculation for up to 3 days before a prostate 
MRI. However, because of the lack of robust evi- 
dence confirming the benefit of this measure for 
prostate cancer detection and staging, PI-RADS 
guidelines do not routinely recommend it. 
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Fig. 4.8 MRI performed 3 weeks after the transrectal 
ultrasound-guided biopsy. Focal areas of low T2 signal 
intensity in the peripheral zone (arrows, a). The same 


areas demonstrate high signal intensity on TIWI (b), 
which represents residual post-biopsy changes 


Fig. 4.9 2D TSE T2WI performed on 3T magnet with pelvic phased-array surface coil obtained before (a) and after 
(b) administration of antiperistaltic agent shows a significant reduction in motion-related artifacts 


4.4.3 Bowel Preparation 
and Antiperistaltic Agents 


Rectal distension with gas and stool can increase 
motion artifact on T2WI by inducing rectal con- 
tractions (Fig. 4.9) [24]. It can also cause suscep- 


tibility artifacts that can distort DWI. Patients 
should try to evacuate their rectum prior to the 
exam. Self-administration of a fleet enema is fre- 
quently used and can help reduce the rectal load. 
Some institutions also use antiperistaltic agents 
such as glucagon or hyoscine butylbromide 
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(HBB, also known as scopolamine butylbromide 
under the trade name Buscopan) to reduce 
motion, but the evidence is mixed. For example, 
Wagner et al. using a 1.5T scanner with ERC 
found no significant difference in image quality 
or in the assessment of the prostate, neurovascu- 
lar bundle, or lymph nodes using HBB [25]. 
However, the lack of benefit in that study could 
be due to the use of ERC, which can immobilize 
the rectum. Two more recent studies using 3.0T 
scanners without ERC demonstrated improved 
visualization of anatomical structures on T2WI 
due to less motion and blur with the use of HBB 
[26, 27]. Fasting and use of glucagon have also 
been shown to improve MRI imaging of the 
pelvis, though there are limited studies specifi- 
cally for prostate imaging [28]. The possibility of 
adverse reactions as well as the additional cost of 
administering these medications should be fac- 
tored when assessing the potential risks and ben- 
efits of including these agents in routine clinical 
practice. 


4.5 Conclusion 

T2WI play important roles in the MRI evaluation 
of the prostate. Different types of T2WI pulse 
sequences are available, each with distinct advan- 
tages and disadvantages. Each sequence included 
in a protocol must be carefully weighed for incre- 
mental clinical utility over additional exam time. 
A meticulous selection of imaging parameters, 
appropriate hardware, and adequate patient prep- 
aration can contribute to optimal image quality. 
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Diffusion-Weighted Imaging 


Oguz Akin and Yousef Mazaheri 


5.1 Introduction 

Prostate cancer (PCa) is a major public health 
problem in the USA. An estimated 174,650 men 
will be diagnosed with prostate cancer in 2019 
and an estimated 31,620 men will die, making it 
the second leading cause of cancer-related death 
in the USA [1]. On T2-weighted MR images, 
the zonal anatomy of the prostate is clearly 
depicted [2]. Prostate cancer usually appears as 
T2-hypointense signal within the peripheral zone 
(PZ) which is T2 hyperintense. T2-hypointense 
signal of the PCa may be less conspicuous in the 
transition zone (TZ) which has mixed T2 signal 
intensity [3]. 

Diffusion-weighted MR imaging (DW-MRI) 
has become an increasingly important component 
of clinical evaluation of the prostate for detection 
and characterization of PCa. In many areas of 
oncology, DW-MRI has proven to be a clinically 
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useful, noninvasive functional imaging technique 
used in tumor detection and staging and for mon- 
itoring response to treatment in a variety of tumor 
types. The advantages of this technique include 
short acquisition times, no need for intravenous 
administration of contrast agent, and the ability 
to indirectly study tissue cellularity through non- 
invasive probing of the diffusion of water mol- 
ecules in tissue. 

In this review, we evaluate and summarize the 
published literature pertaining to DW-MRI and 
prostate cancer. We highlight recent modes of 
acquisition and analysis available for DW-MRI 
and suggest how these may be further improved. 
Finally, we review the literature and make recom- 
mendations for future research. 


5.2 Technical Overview 

In biological tissues, microscopic motion 
detected by DW-MRI includes both diffusion 
of water molecules, influenced by the structural 
components of the tissue, and microcirculation of 
blood in the capillary network. DW-MRI derives 
its image contrast from differences in the motion 
of water molecules between tissues. The degree 
of water diffusion in biologic tissue is inversely 
correlated to tissue cellularity and the integrity 
of cell membranes. The motion of water mole- 
cules is more restricted in tissues with high cel- 
lular density associated with numerous intact cell 
membranes (e.g., tumor tissue). 
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5.2.1 Hardware: Field Strength 


and Coils 


MR prostate imaging was originally obtained 
on 1.5-Tesla (1.5T) scanners. A body coil was 
used for excitation, and a pelvic phased-array 
coil combined with an expandable endorectal 
coil was used for signal acquisition to ensure 
images with sufficient SNR [4]. As comparted to 
images obtained with pelvic phased-array coils 
alone, endorectal coil images have a ~10-fold 
improved SNR and spatial resolution [5, 6]. An 
endorectal coil consists of a coil inside an inflat- 
able balloon which can be filled with 40-80 ml 
of either air, water, or an inert fluid that matches 
the susceptibility of the prostatic tissues, such 
as perfluorocarbon (PFC) or barium sulfate [6, 
7]. The advantages of using an inert fluid are the 
reduced susceptibility artifacts between the rec- 
tum and the prostate due to the improved homo- 
geneity of the magnetic field [7]. The reception 
signal providers of endorectal coils are highly 
inhomogeneous although post-processing meth- 
ods have been suggested to reduce the signal 
inhomogeneities [8]. 

With the availability of 3-Tesla (3T) clinical 
scanners, improved SNR was achieved using 
the benefit of higher field strength. The theoreti- 
cal SNR gain of 3T vs. 1.5T is in the range of 
1.5-1.8 [9]. This in turn provided opportunities 
to increase spatial resolution and temporal reso- 
lutions as the doubling of field strength results in 
a twofold SNR improvement due to field strength 
alone. Additional factors effecting SNR include 
acquisition time, voxel volume, receiver band- 
width, longitudinal relaxation time (T1), and 
sequence-specific factors. 

Additional improvements were achieved with 
the use of more advanced pulse sequence designs 
and the use of surface phased-array coils includ- 
ing 6-32 channels. A number of studies have 
reported comparisons of images obtained with 
1.5T scanners with an endorectal coil to phased- 
array surface coils at 3T [10-14]. Bloch et al. 
demonstrated the clinical utility of endorectal 3T 
for the evaluation of the prostate with imaging 
features and quality not achievable at 1.5T [10]. 
Sosna et al. compared image quality at of the 
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prostate at 3T with a phased-array coil to imag- 
ing with an endorectal coil at 1.5T and found 
that the image quality can be comparable [11]. 
For the local staging of prostate cancer, Park 
et al. demonstrated that 3T phased-array MRI is 
equivalent to the 1.5T endorectal MRI in evalu- 
ating local staging accuracy for prostate cancer 
without significant loss of imaging quality [12]. 
Turkbey et al. compared T2-weighted (T2W) 
MRI and DWI-MRI obtained without endorectal 
coil (surface coil alone) with a dual coil (com- 
bination of surface and endorectal coils) at 3T 
for localizing prostate cancer and found that by 
using endorectal MR coil, more cancer foci can 
be detected [14]. At 3T, imaging with surface coil 
had a sensitivity of 0.45 and positive predictive 
value (PPV) of 0.64. In comparison with dual 
coil, the sensitivity was 0.75 and the PPV was 
0.80. However, additional considerations that 
need to be considered include patient comfort, 
patient preparation, costs, coil placement time, 
and anatomical distortions due to placement of 
the endorectal coil [15]. 


5.2.1.1 Imaging Strategies 

DW-MRI is performed without breath-holding, 
due to long acquisition times. Most commonly, a 
single-shot echo-planar (ssEPI) sequence is used 
for acquisition (Fig. 5.1). The sequence provides 
a rapid and reliable method to acquire DW data, 
although it suffers from severe image distortion 
due to the presence of susceptibility-related field 
inhomogeneity. 

The standard ssEPI commonly available suf- 
fers from image distortion due to the presence of 
susceptibility-related field inhomogeneity. The 
air in the rectum located directly behind the pros- 
tate could result in severe field inhomogeneities. 
Several pulse sequences have been presented in 
the literature to reduce image distortions [16- 
19]. A common strategy to reduce image distor- 
tions is to reduce the readout time. A promising 
approach is the segmented readout method [17] 
where segments of k-space are acquired along the 
readout direction. The decrease in readout time 
results in a reduction of geometric distortions. 
Another approach is the single excitation imag- 
ing based on multiple spin echo sequence [20]. 
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Fig. 5.1 The pulsed gradient spin echo (PGSE) for mea- 
suring diffusivity in MRI. The bipolar gradient recalled 
echo (GRE) dephases the spins in the first monopolar lobe 
and then refocuses the spins in the second monopolar 


lobe. A diffusion time A is introduced between dephasing 
and rephrasing diffusion-sensitizing gradient pulses, G is 
the diffusion gradient amplitude, and 6 is the diffusion 
gradient duration 


Fig. 5.2 Comparison of DW images of prostate obtained 
using (a) the standard ssEPI diffusion sequence, (b) the 
MUSE sequence with three shots, and (c) a rFOV 


Although these sequences are much less sensi- 
tive to chemical shift artifacts and geometric dis- 
tortions as compared to EPI, they suffer from a 
theoretical loss of 50% in signal compared with 
EPI. Alternative strategies include radial readout 
such as periodically rotated overlapping paral- 
lel lines (PROPELLER) [21] or spiral readout 
[22]. Another approach is to reduce the field of 
view (FOV) [16] using a 2D spatially selective 
echo-planar RF excitation pulse and 180-degree 
refocusing pulse. Images can be generated with 
a reduced FOV (rFOV) in the phase-encode (PE) 
direction without the need for a longer readout. 


diffusion-weighted sequence where the FOV in the phase- 
encoding direction has been reduced by 50% 


Finally, a promising approach is to use multi-shot 
EPI (msEPI) acquisitions which enable shorted 
readout times resulting in image distortions to 
be reduced. Importantly, msEPI methods are 
typically susceptible to motion-induced phase 
errors among excitations. Recently, a novel tech- 
nique termed multiplexed sensitivity-encoding 
(MUSE) was developed to reliably correct non- 
linear shot-to-shot phase variations without the 
use of navigator echoes [19] (Fig. 5.2). A recent 
study by Zhang et al. evaluated the reproduc- 
ibility of quantitative diffusion measurements 
obtained with rFOV and msEPI acquisitions for 


68 


prostate DW-MRI. The results demonstrate both 
msEPI and rFOV can generate reproducible high 
image quality quantitative diffusion measure- 
ments relative to ssEPI [23]. 


5.2.1.2 Quantification of DW-MRI Data 
Numerous diffusion models have been evaluated 
in the literature for prostate cancer imaging. The 
actual choice of model depends on any of the 
three tissue properties measurable by DW-MRI: 
cellularity, vascularity, and microstructure 
(Fig. 5.3). In this section, we will review models 
that are commonly discussed for each of the three 
tissue properties and provide a brief comparison 
of their related trade-offs. 


Standard Monoexponential Diffusion- 
Weighted Model of the Prostate 

In the simplest case, the diffusion coefficient is 
described by a single exponential function: 


S(b) = S(0)-exp(—b- ADC) (5.1) 


where S(b) and S(O) are signal intensities of each 
voxel with and without diffusion weighting and 
the quantity b is the diffusion-sensitizing factor 
(commonly referred to as the b-value). The gradi- 
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Fig. 5.3 (a) Individual water models diffuse through a 
random process in the cellular and interstitial compart- 
ment. The displacement due to blood flow in randomly 
oriented capillary segments can be modeled as a pseudo- 
diffusion process which forms the basis of the IVIM 
model. (b) Attenuation of diffusion MR signal (shown as 
the logarithm of the relative signal intensity) as a function 
of b-value. Three regions are noted. The rapid signal 
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ent properties including amplitude, duration, and 
temporal spatial of the two motion-probing gradi- 
ents determine the b-value commonly expressed 
in seconds per millimeter squared (s/mm?): 


b= GS" [a -5) 


where y denotes the gyromagnetic ratio, G is the 
diffusion gradient amplitude, 6 the diffusion gra- 
dient duration, and A the time between the lead- 
ing edges of the diffusion gradient pulses. 

The apparent diffusion coefficient, ADC, is 
a single diffusion coefficient, which describes a 
multitude of diffusion properties of tissue, includ- 
ing both diffusion and perfusion, and is assumed 
to be independent of b-value, that is, ADC is 
constant (Fig. 5.4). Commonly, two or more DW 
images are acquired, with one low b-value (often 
0 s/mm?) and the remaining b-values extending 
up to 1000 s/mm?; these images are fitted to a 
monoexponential model to calculate ADC val- 
ues, which can then be displayed as ADC para- 
metric maps. 

Changes in ADC due to tumor are typically 
attributed to tissue “cellularity.” Although cor- 
relation between ADC and tissue cellularity is 
well established in neural tissue, there is insuf- 
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decay due to blood displacement in the capillaries at low 
b-values (less than 200 s/mm°), the monoexponential sig- 
nal attenuation resulting in a Gaussian distribution of 
molecular displacement (free diffusion) at intermediate 
b-values, and at higher b-values, there is deviation from 
the free diffusion due to hindrance effects which results in 
non-monoexponential (or non-Gaussian) diffusion 
behavior 
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Fig. 5.4 Representative 
data from a 64-year-old 
patient with surgical 
Gleason score 7 (4 + 3) 
prostate cancer, 
pre-surgical PSA level 
of 9.43 ng/mL, and 
clinical stage T1c. (a) 
Whole-mount step- 
section histopathologic 
map with tumor 
outlined. (b) Axial ADC 
map corresponding to 
the lesion location 


ficient biological evidence for this correlation in 
other tumors. Several factors could contribute to 
prostate cancer ADC in addition to cell density, 
including cell type, membrane permeability, and 
multiple intra- and extracellular structural fea- 
tures. A study found that both ADC and Gleason 
pattern changes correlate more strongly with 
relative proportion of the gland components, i.e., 
epithelium, stroma, and lumen than with cellular- 
ity metrics [24]. 


Low b-Value Diffusion-Weighted Model 
of the Prostate 


Intravoxel Incoherent Motion (IVIM) 

Le Bihan et al. [25, 26] proposed the intravoxel 
incoherent motion (IVIM) biexponential model. 
In this model, diffusion signal was measured 
from many b-values to estimate diffusion param- 
eters, ranging from very low to high. Although 
it is more detailed than the monoexponential 
model, the biexponential model makes assump- 
tions regarding the microcirculation and provides 
estimates of perfusion that are not sufficiently 
reproducible to be reliable [27]. 

The effect of perfusion on the total signal was 
modeled by incorporating the volume fraction f of 
the water flowing through the microvessels [28]. 
Accordingly, the signal attenuation is given by 


S(b)=S(0)-[(1-f)-exp(-b-D)+ fF] (5,3) 


where D is the diffusion coefficient, f is the vol- 
ume fraction of water in perfused capillaries, and 
F is due to microcirculation and has a value of 1 
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or less that depends on capillary geometry and 
blood velocity. 

According to a model presented by Le Bihan 
et al. [28], perfusion can also be considered an 
incoherent motion, and the signal component 
due to microcirculation of blood is given by 
F = exp (—b - D*). Hence the IVIM model of 
diffusion is given by 


s(oy- sor rene ai 


+f -exp(—b-D") 


where the pseudo-diffusion coefficient, Dx, is 
dependent on the mean path length and blood 
velocity within the capillary network (Fig. 5.5). 
A major limitation of the biexponential 
model is that it makes assumptions regarding 
the microcirculation and provides estimates 
of perfusion that are not sufficiently reproduc- 
ible to be reliable [29-33]. Riches et al. [29] 
compared biexponential and monoexponen- 
tial models of diffusion and associated perfu- 
sion coefficients of the prostate and rectal wall 
using 11 b-values in the range 0-800 s/mm?. 
They found that when the minimum b-values 
are greater than 20 s/mm”, the monoexponential 
model describes the data better than the biex- 
ponential model. However, when low b-values 
were included, the biexponential model better 
describes the low b-value signal in PCa, normal 
PZ, and rectal wall. Like Pang et al. [34], they 
highlighted the importance of selecting b-values 
in the measurement of diffusion- and perfusion- 
related parameters. Overall, the variability of 
very large variation in the perfusion coefficients 


Fig. 5.5 Parametric maps of the prostate generated using 
8 b-values in the range of 0-1000 s/mm? (0, 50, 100, 200, 
400, 600, 800, and 1000 s/mm/?). (a) ADC map generated 
using the monoexponential model and parameters gener- 


limits its ability to reliably estimate perfusion 
effects. Kuru et al. found that [VIM parameters 
were not significantly different between PCa 
and areas of normal areas [30]. Dopfert et al. 
found that although ADC, D, and f were signifi- 
cantly lower in PCa compared to benign tissue, 
ADC maps provided better diagnostic perfor- 
mance than IVIM maps [32]. Shinmoto et al. 
reported that in 81% of patients with histologi- 
cally proven prostate cancer, biexponential fit 
of multi-b-value images provided statistically 
improved fit over monoexponential fit [33]. 


High b-Value Diffusion-Weighted Model 

of the Prostate 

Several studies investigated deviations of diffu- 
sion signal from monoexponential (ME) behav- 
ior using high-b-value DW-MRI (typically 
considered to be DW-MRI with a b-value range 
up to or beyond 2000 s/mm°) [35-38]. Models 
considered for the analysis of high-b-value pros- 
tate data include the biexponential (BE) model, 
in which the relative contributions from “fast” 
and “slow” components of the signal decay are 
quantified; diffusion kurtosis (DK) imaging [37, 
39], which estimates the diffusion coefficient as 
well as the kurtosis, a metric for the degree of 
non-Gaussian behavior [40]; and the stretched 
exponential (SE) formalism, which, similarly 
to DK imaging, makes no assumption as to the 
tissue compartmentalization but, rather, uses a 
stretching parameter to measure heterogeneity of 
the environment [38, 41] (Fig. 5.6). 
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ated based on the IVIM model, (b) the diffusion coeffi- 
cient D, (c) the pseudo-diffusion coefficient D*, and (d) 


the volume fraction of water in perfused capillaries, f. The 
area suspicious for cancer is shown with the arrow 
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Biexponential (BE) Model of Diffusion 
The BE signal decay equation provides a four- 
parameter model of signal as follows [35, 36]: 


= : Sas” EXPÔ- Ding ) 
S(b)= ( ) +(1= figs "XP (—D+ Dio ) (5.5) 


In this model, the signal decay is assumed 
to be due to two components: the fast compo- 
nent with diffusion coefficient Das and fraction 
of fias and the slow component with diffusion 
coefficient Dsow and fraction (l-frast). Shinmoto 
et al. found that both Day and Dgoy of PCa 
were significantly lower than those of TZ and 
PZ. Furthermore, fins, Was significantly smaller in 
cancer than in PZ [36]. 


Diffusion Kurtosis (DK) Model 

of the Prostate 

The DK model provides a three-parameter signal 
decay equation given by [40]: 


$(b)=8(0)-[ exp(-b-D+b?-K-D* /6)] (5.6) 


where D is the diffusion coefficient adjusted for 
non-Gaussian behavior and K is the diffusion 
kurtosis, which quantifies non-Gaussian diffu- 
sion. K is a dimensionless statistical metric that 
quantifies the non-Gaussian behavior of an arbi- 
trary probability distribution. When K = 0, the 
standard ME model is recovered. Due to the com- 
plex histology of cancer cells in PCa, it has been 
suggested that the DK model could provide better 
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Fig. 5.6 Transverse parametric maps of the prostate 
obtained at high b-values using 10 b-values (Bmax = 2000 s/ 
mm’). (a) For the ME model, the ADC map is shown. 
From the BE model, diffusion coefficients for the (b) slow 
diffusion (Dgow), (€) fast diffusion (Das) component, and 


characterization of prostate cancer than the stan- 
dard ME model [37, 39]. A study by Rosenkrantz 
et al. evaluating the feasibility of DK imaging to 
distinguish benign form malignant regions in PZ, 
found that K was significantly greater in cancer- 
ous sextants than in benign PZ. They also found 
that K showed significantly greater sensitivity for 
differentiating cancerous sextants from benign 
PZ than ADC or D. The same study evaluated the 
ability of DK imaging to distinguish low- from 
high-grade malignant regions and found K had 
significantly greater area under the curve for dif- 
ferentiating sextants with low- and high-grade 
cancer than ADC. 


Stretched Exponential (SE) Model 

of the Prostate 

The SE model allows gauging in a simple way 
the deviations from the monoexponential model 
through a three-parameter SE signal decay 
equation [41]: 


S(b)= S(0)-exp{-(b-DDc)"} (5.7) 


where DDC is the distributed diffusion coef- 
ficient. Alpha («) is a dimensionless parameter 
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(d) fraction of fast component, fias, are shown. From the 
DK model, (e) diffusion coefficient D and (f) kurtosis K 
are shown. From the SE model, (g) distributed diffusion 
coefficient DDC and (h) « are shown. The area suspicious 
for cancer is shown with the arrow 


with a value between 0 and 1; it characterizes 
deviation of the signal attenuation from mono- 
exponential form and is used to measure het- 
erogeneity of the environment. The stretched 
exponential model assumes a continuous dis- 
tribution of diffusion coefficients where a 
represents deviation from monoexponential 
decay. A study comparing stretched-exponen- 
tial and monoexponential model of DW-MRI 
(DWI) in PCa and normal tissues found that 
ADC was significantly higher than DDC in 
PCa but lower than DDC in the PZ and normal 
central gland [38]. 

Several investigators have evaluated the per- 
formance of DW-MRI at various b-values. In 
a study by Kim et al. detection of prostate at 
b = 1000 s/mm? was compared to 2000 s/mm? 
at 3T, and this study reported that b-value of 
1000 s/mm? was more sensitive and more accu- 
rate in predicting localized prostate cancer than 
DW-MRI performed using b-value of 2000 s/ 
mm? [42]. Another study reported significantly 
higher contrast ratios (defined as the ratio of 
ADC values of tumors to reference) at b = 1500 
and 2000 s/mm? as compared to b-values of 800 
and 1000 s/mm? [43]. 
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Fig. 5.7 Images from a 75-year-old man with biopsy- 
proven prostate cancer. (a) The area suspicious for cancer 
(decreased ADC) is shown with the arrow on the ADC 


Image Synthesis 

There are methods to compute or synthesize high 
b-factor images using only low and intermediate 
b-factor scans through voxel-by-voxel extrapola- 
tion of the fitted signal decay curves (Fig. 5.7). 
Computed DW-MR imaging was introduced by 
Blackledge to improve tumor detection in onco- 
logic cases [44]. Subsequently, Maas et al. showed 
that computed DW-MR images calculated from 
measured images between 0 and 800 s/mm? 
resulted in higher effective contrast-to-noise ratio 
than measured DW-MR images and suggested that 
such imaging may be of clinical aid in the man- 
agement of prostate cancer [45]. The diagnostic 
value of computed DW-MRI has been evaluated in 
several reports including [46, 47]. A comparison 
of computed DW-MRI and acquired high b-value 
DW-MRI found that computed DW-MR images 
using IVIM model detected approximately the 
same number of lesions as acquired high b-value 
DW-MRI [46]. Another report presented a diver- 
gent finding that computed DW-MRI improves 
lesion contrast and conspicuity in PCa [47]. 


5.3 _ PI-RADS (Prostate Imaging 
Reporting and Data System) 


Recommendations 


In 2012, the European Society of Urogenital 
Radiology published the first version of the 
Prostate Imaging Reporting and Data System 
(PI-RADS) [48]. One of the aims was to pro- 


map generated using b = 0 and 1000 s/mm?. Computed 
diffusion maps generated from the same diffusion data at 
(b) b = 1500 s/mm* and (c) b = 2000 s/mm? 


vide clear and easily understandable guidelines 
regarding the clinical role of prostate MRI and to 
design a reporting system. PI-RADS guidelines 
are excellent steps in the right direction, although 
details regarding MRI protocol development and 
implementation are sparse. The Prostate Imaging 
Reporting and Data System (PI-RADS) Version 2 
[49] has recommended following imaging param- 
eters: TE < 90 ms; TR > 3000 ms; in-plane dimen- 
sion of <2.5 mm; slice thickness <4 mm with no 
gap; field of view [FOV] = 16-22 cm. The minor 
revision to PI-RADS (v2.1) was published in 2019 
[50]. In this version, it is recommended to use 
one low b-value set at 0-100 s/mm/ (preferably 
50-100 s/mm°) and one intermediate b-value set at 
800-1000 s/mm?. The maximum b-value used to 
calculate ADC is recommended to be < 1000 s/mm? 
to avoid diffusion kurtosis effects that have been 
described at higher b-values [51]. Nonetheless, a 
high b-value (>1400 s/mm°) image set is also man- 
datory and preferably should be obtained from a 
separate acquisition or calculated from the low and 
intermediate b-value images. Additional b-values 
between 100 and 1000 may provide more accurate 
ADC calculations and estimations of calculated 
high b-value images (>1400 s/mm/?). 


Conclusions and Future 
Directions 


5.4 


DW-MRI has an important role in the diagnosis, the 
assessment of aggressiveness, and the assessment 
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of treatment response of prostate cancer. Improved 
acquisition strategies will have a major impact in 
higher image quality and more reliable imaging 
strategies. Advanced signal analysis models pro- 
vide an opportunity to more accurately evaluate the 
disease and provide a more comprehensive assess- 
ment of the treatment strategies. Technical devel- 
opment of DW-MRI is an active area of research 
and promises to provide improved understanding 
of tissue microstructure and disease status. 
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6.1 Introduction 
Prostate cancer (PCa) is the most common non- 
cutaneous cancer (174,650 new diagnoses per 
year) and is among the leading causes of death 
(31,620 deaths per year) in the United States [1]. 
Multiparametric MRI (mpMRI) is increasingly 
being used for diagnosis of PCa. Prostate mpMRI 
consists of T2-weighted imaging (T2WI), 
diffusion-weighted imaging (DWI), pre-contrast 
Tl-weighted imaging (T1WD, and dynamic 
contrast-enhanced (DCE) imaging. MRI has 
good diagnostic accuracy for PCa, especially a 
high negative predictive value [2] and good sen- 
sitivity and specificity [3]. It can reliably grade 
the PCa and provide information about location 
and volume for the selection of optimum therapy 
and guidance for targeted biopsies. 

In PI-RADS v2, DCE-MRI was a required 
component of mpMRI examinations undertaken 
for the detection of clinically significant PCa 
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(csPCa), although it had a limited role and was 
used only to elevate the PI-RADS T2 score of a 
lesion in the peripheral zone (PZ) from 3 to 4. It 
did not have any formal role in scoring or assess- 
ment category of findings in the TZ. However, 
experience has shown that, in selected cases, 
DCE may assist in the detection of csPCa. DCE 
in practice has been a “safety-net” sequence, 
especially when either T2WI or DWI is degraded 
by artifacts or inadequate SNR [4]. 


6.2 DCE-MRI Imaging Technique 


and Technical Considerations 


Since its earliest days, numerous studies have 
improved DCE-MRI with new data acquisition 
methods, use of higher temporal resolution, use 
of higher-relaxivity contrast agents, and newer 
methods for quantitative analysis of DCE-MRI 
data [5-9]. DCE-MRI involves the acquisition of 
serial T1-weighted images (fast/spoiled gradient 
echo sequence with fat suppression) of the pros- 
tate before and after the bolus injection of a low- 
molecular-weight chelated gadolinium molecule. 
Because of its paramagnetic properties, gadolin- 
ium contrast agent shortens T1 relaxation time of 
tissues in which it accumulates. Prostate cancers 
show early focal signal enhancement and wash- 
out due to increased vascularity or angiogenesis 
[10, 11]. Increased capillary permeability leads 
to higher uptake of contrast agent that further 
shortens T1 relaxation time. The combination of 
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a Histology 


Fig. 6.1 56-year-old patient with Gleason 3 + 4 cancer in 
the left apex on whole-mount prostatectomy image (a). 
There is a PI-RADS 5 lesion (arrows) which is well- 


high blood flow and high capillary permeability 
in prostate cancer results in lesions showing up as 
enhancing foci with respect to surrounding tis- 
sues. Representative images from prostate DCE- 
MRI can be seen in Figs. and 6.2. 

The standardization is critical for DCE-MRI; 
therefore PI-RADS v2 guideline published 
detailed imaging parameters (Table ) [4]. 
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b T2-weighted MRI 


d Early phase DCE-MRI 


defined, round, and hypointense on T2W (b) and ADC 
map (c) and shows early focal enhancement on DCE-MRI 
(d) 


DCE-MRI is performed using either 2D or 3D 
Tl-weighted gradient echo (GRE) sequences. 
Current MRI scanners allow 3D T1W GRE with 
excellent image quality which is the widely 
accepted method. The PI-RADS v2 guidelines 
recommend a field of view that encompasses the 
entire prostate gland and seminal vesicles. Images 
are recommended to be acquired with an in-plane 
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Fig. 6.2 51-year-old patient with Gleason 4 + 3 anterior 
cancer on prostatectomy (a). While the PI-RADS 4 lesion 
(arrows) is not clearly distant on T2W (b), it is hypoin- 


resolution <2 x 2 mm and 3 mm slice thickness 
without any gaps between slices. The same imag- 
ing planes as DWI are recommended to be used 
for DCE-MRI. The minimum temporal resolu- 
tion for serial images is <15 s per image, with 
<7 s preferred. The recommended dose is 
0.1 mmol/kg of gadolinium-based contrast agent 
with a 2-3 cc/s injection rate. The total time rec- 
ommended for sampling contrast media uptake 
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b T2-weighted MRI 


d Early phase DCE-MRI 


tense on ADC map (c) and is clearly visible as early 
focally enhancing region on DCE-MRI (d) 


and washout is over 2 min, with continuous imag- 
ing (without any gaps in acquisition). 

Higher MR magnetic field strength (3T) 
increases signal-to-noise ratio (SNR), spatial res- 
olution, and temporal resolution and reduces 
acquisition time for DCE-MRI. T1 relaxation 
times are longer at 3T compared to 1.5T scan- 
ners. The relaxivity of low molecular contrast 
agents is somewhat reduced at 3T relative to 
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Table 6.1 Recommended DCE-MRI imaging parame- 
ters per PI-RADS v2 guidelines 


DCE imaging | 
parameters Recommendations 
T1W gradient | While both 2D and 3D sequences 
echo (GRE) have been described in the literature, 
3D T1W GRE is generally available 
using modern systems and is 
| preferred 
TR/TE | <100 ms/<5 ms 
Slice 3 mm, no gap. Imaging planes should 
thickness be the same as those used for DWI 


| and DCE 


Field of view Encompass the entire prostate gland g 


(FOV) and seminal vesicles 
‘In-plane | <2 x<2mm 
dimension | 

Temporal <15 s (<7 preferred) 
resolution 

Gadolinium | 0.1 mmol/kg 

dose | 

Gadolinium | 2-3 cc/s starting with continuous 
injection rate | image data acquisition 
Fat | Recommended l 
suppression 


1.5T. In addition, tissues that have modest blood 
flow and capillary permeability have very low 
signal on T1-weighted images at high field. This 
leads to excellent contrast between PCa and sur- 
rounding tissues due to improved background 
suppression [12]. Use of higher field strength 
also allows improved signal-to-noise ratio (SNR) 
which can be used to improve spatial and tempo- 
ral resolution. High temporal resolution improves 
the diagnostic performance of DCE-MRI [9, 13], 
and therefore PI-RADS v2 recommends tempo- 
ral resolution to be less than 7 s. 

Another consideration is the use of endorectal 
coils. Endorectal coils significantly improve 
image quality, particularly in the peripheral zone 
near the rectal wall, and increase PCa detection 
rate [14-17]. However, due to additional cost and 
patients’ discomfort, most imaging centers prefer 
not to use endorectal coils. 

T1 relaxivity is the critical property of MRI 
contrast agents and determines the change in 
T1 as a function of contrast agent concentration 
and therefore has effect on image analysis. 
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Gadolinium-based contrast agents with higher 
T1 relaxivity are optimal for detecting enhance- 
ment on Tl-weighted images. Some studies 
have recommended use of macrocyclic agents 
over linear agents, due to lower likelihood of 
deposition in the body [18] and relatively fewer 
adverse reactions [19] compared to linear gado- 
linium-based contrast agents. 


6.3 Prostate DCE-MRI Evaluation 
Interpretation of the DCE-MRI per PI-RADS 
v2.1 guidelines will be discussed in Chap. 7. 
PI-RADS recommends that DCE-MRI always be 
interpreted in conjunction with other mpMRI 
sequences: T2W and DWI/ADC. Any region 
showing early focal enhancement compared to 
adjacent benign tissue on DCE-MRI and corre- 
sponding to similar suspicious finding on 
T2-weighted and diffusion-weighted imaging is 
considered suspicious for cancer. Diffuse 
enhancement on DCE is usually attributed to 
inflammation (e.g., prostatitis). Analysis of the 
DCE-MRI can be done qualitatively, semiquanti- 
tatively, or quantitatively. 


6.3.1 Qualitative DCE-MRI Analysis 

A qualitative visual assessment of DCE-MRI is 
based on identifying foci that exhibit early and 
brisk contrast enhancement (Fig. 6.3). Due to the 
high permeability of tumor-related vessels, con- 
trast media is also expected to wash out faster 
than normal tissue. The characteristic signal 
versus time curve for a malignant lesion is early 
peak in enhancement, followed by a relatively 
fast decline. In contrast, the signal time curve for 
normal tissue is expected to have a slower, steady 
rise followed by a slow decline or no washout at 
all. PI-RADS v1 defined four types of DCE time 
curves: type 1 (progressive), type 2 (plateau), 
type 3 (wash-in and washout), and type 0 (nondi- 
agnostic). Type 3 curve was described as the most 
suggestive of malignancy. 
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Fig. 6.3 67-year-old patient with transition zone Gleason 
3 + 4 cancer on prostatectomy (a). While the PI-RADS 5 
lesion (arrows) is clearly distant on T2W (b), it is hypoin- 
tense on ADC map (c) and is clearly visible as early 


6.3.2 Semiquantitative DCE-MRI 
Analysis 


An alternative to qualitative kinetic curve type clas- 
sification is semiquantitative analysis methods that 
rely on the mathematical description of the signal 
versus time curve. These pure mathematical models 
make no assumptions about the underlying physiol- 
ogy of a tumor but simply use functions with lim- 
ited parameters to characterize the important 
features of contrast agent uptake and washout 
curves as a function of time. The mathematical 
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b T2-weighted MRI 


d Early phase DCE-MRI 


focally enhancing region on DCE-MRI (d). The Gleason 
3 + 4 lesion in the left posterolateral peripheral zone was 
not identified on mpMRI 


models are used as a tool to smooth the signal 
enhancement versus time curves, interpolate the 
data, and produce diagnostically useful kinetic 
parameters. This approach may be advantageous 
because normal prostatic tissue and prostate cancers 
are extremely heterogeneous and the commonly 
used compartmental models may not be consistent 
with the true spatiotemporal distribution of contrast 
agent molecules in the tumor microenvironment 
[20]. A representative case of semiquantitative 
DCE-MRI analysis using empirical mathematical 
model (EMM) parameters is shown on Fig. 6.4. 
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a Max signal enhancement (%) 


Fig. 6.4 Empirical mathematical model (EMM) param- 
eters for the Gleason 3 + 4 lesion (arrows) for the patient 
(same MR slice) as shown in Fig. 6.3. Cancer lesions 


6.3.3 Quantitative Analysis 
of DCE-MRI 


Semiquantitative analysis of DCE-MRI removes 
the subjective aspect of qualitative curve type 
analysis (eliminating intra-observer variability), 
but it does not yield parameters directly related to 
the underlying physiology that drives contrast 
media uptake and washout. The main advantage 
of quantitative analysis of DCE-MRI is to pro- 
vide measures that relate to physiological param- 
eters such as permeability and blood flow. 
Quantitative analysis relies on models that math- 
ematically describe the distribution of contrast 
media from the vasculature into tumors and nor- 
mal tissue. Many of the models used for quantita- 
tive analysis were initially developed to describe 
tracer kinetics in nuclear medicine and adapted 
for DCE-MRI [21]. 

A crucial and often challenging step in quanti- 
tative analysis of DCE data is accurate measure- 
ment of the arterial input function (AIF). The AIF 
is the contrast media concentration as a function 
of time in the arterial blood supply following 
intravenous injection. The local AIF is the con- 
centration in the local arteries feeding a suspi- 
cious lesion or specific portion of the body. The 
gold-standard method of measuring a patient- 
specific AIF is by serial blood draws following 
the administration of contrast media. However, 
this method is too invasive and difficult to imple- 
ment during every DCE-MRI acquisition. A 
common approach is to use population AIFs that 
have been constructed from measurements of the 
arterial concentration of contrast media in multi- 
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C Signal washout rate (%) 


shows increased maximum signal enhancement (a), signal 
enhancement rate (b), and signal washout rate (c) com- 
pared to surrounding benign tissue 


ple patients and expressed via a convenient func- 
tional form. Contrast media AIF can vary 
significantly for a single subject scanned at dif- 
ferent times and between subjects [22-24]. 
Variations in cardiac output are also a major con- 
tributor to the variability in the AIF. Representative 
cases of signal enhancement curve and Tofts 
model parameters are shown in Figs. 6.5 and 6.6, 
respectively. 


Detection of Prostate Cancer 
Using DCE-MRI 


6.4 


Qualitative analysis of DCE-MRI alone has 
reported sensitivity and specificity ranges of 
46-96 and 74-96%, respectively, for detecting 
PCa [25-30]. A meta-analysis by Tan et al. [31] 
consisting of 22 previous studies from 1997 to 
2013 based on qualitative assessment by radiolo- 
gists found that DCE-MRI (AUC = 0.82-0.86) 
and DWI (AUC = 0.84-0.88) outperformed T2W 
(AUC = 0.68-0.77). However, Turkbey et al. [30] 
using a more accurate imaging-pathology corre- 
lation (using custom sectioning molds) found 
that DCE alone (38%) had higher sensitivity than 
MR spectroscopy (17%) but lower than either 
DWI (57%) or T2W (65%). On the other hand, 
DCE had higher positive predictive value (86%) 
and specificity (97%) than T2W (69%, 90%) and 
DWI (75%, 93%). Isebaert et al. [32] divided the 
prostate into 24 sectors and found the sensitivity 
of DCE-MRI (22.8%) to be much smaller. 
However, the combination of DCE-MRI to T2W 
(T2W alone = 25.1 > T2W + DCE = 35.6%) and 
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Fig.6.5 Signal 
enhancement curve 
(signal vs time) for the 
same Gleason 3 + 4 
lesion shows a type 3 
curve with early focal 
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Fig. 6.6 Quantitative analysis using arterial input function (a) to derive Tofts model parameter showing cancer (black 
arrows) as identified as regions with increased v, (b) and K"™S (c) compared to surrounding benign tissue 


DWI (DWI alone = 36.8 > DWI + DCE = 43.7 
%) or all three sequences (49.3%) improved PCa 
detection. 

While qualitative analysis is performed and 
recommended in clinical practice, many studies 
employ semiquantitative and quantitative DCE- 
MRI analysis to detect PCa. Rosenkrantz et al. 
showed that sensitivity for peripheral zone PCa 
lesions was improved by the use of semiquantita- 
tive or quantitative analysis compared with quali- 
tative agreement by radiologists (29). However, 
they found no difference in performance between 
semiquantitative and quantitative models. Ocak 
et al. [25] reported that DCE-MRI can improve 


specificity and negative predictive value for PCa 
prostate cancer using qualitative and pharmaco- 
kinetic parameters (K""s and kep) from the two- 
compartment Tofts model. Also, combination of 
DCE and T2W improved diagnostic accuracy. 
Kim et al. showed that contrast uptake (wash-in) 
rate is useful parameter for prostate cancer detec- 
tion and localization, with greater sensitivity (96 
vs 65%) and specificity (82 vs 60%) than T2W 
imaging [33]. Similar results were reported by 
Isebaert et al. [34] where they found that wash-in 
or contrast media uptake was the best discrimina- 
tor (AUC = 0.82) between PCa and benign pros- 
tatic tissue. Ren et al. found that PCa primarily 
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exhibited curve type 3 (wash-in and washout) 
[35]. On the other hand, Hansford et al. [36] 
found that semiquantitative analysis using DCE- 
MRI signal curve type performed poorly in the 
differentiation of PCa from benign tissue. Tamada 
et al. showed that combining DCE-MRI with 
T2W and DWI improved the detection and man- 
agement of PCa even in patients with gray zone 
PSA level (4-10 ng/ml) [37]. The sensitivity and 
specificity for detecting PCa were 36% and 97% 
for T2-weighted imaging, 43% and 95% for 
DCE-MRI, 38% and 96% for DWI, and 53% and 
93% for mpMRI. DCE-MRI can play an addi- 
tional role in PCa management by determining 
extracapsular extension. Bloch et al. [38] found 
that DCE-MRI performed better than T2W, while 
similar performance was found in the detection 
of seminal vesicle invasion. Overall staging accu- 
racy was higher for DCE (81-84%) compared to 
T2WI (72%). T2WI (9-19%) tended to underes- 
timate the disease stage more often than DCE 
(3-9%). 


6.4.1 Tumor Aggressiveness 

There are concerns regarding the overtreatment 
of indolent cancer, and therefore determining the 
aggressiveness of cancer is critical for deciding 
the optimal treatment option. Numerous studies 
have used DCE-MRI for determining tumor 
aggressiveness. An earlier study by Padhani et al. 
found no correlation between tumor vascular per- 
meability and tumor aggressiveness while show- 
ing only weak correlation between tumor stage 
and permeability [39]. However, more recent 
studies show DCE-MRI has good diagnostic per- 
formance in assessing tumor aggressiveness. 
Schlemmer et al. found that K"™ (exchange rate 
constant for the pharmacokinetic two- 
compartment Tofts model) correlates strongly 
(r = 0.62-0.80) with microvessel density (vascu- 
lature) and can be used to differentiate low- and 
high-grade PCa [40]. Franiel et al. showed that 
high-grade PCa tend to have a higher permeabil- 
ity but lower blood volume and shorter mean 
transit time than low-grade PCa [41]. Chen et al. 
used both quantitative and semiquantitative anal- 
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ysis of DCE-MRI data to report that signal wash- 
out gradient showed the best correlation 
(r = —0.75) with Gleason score [42]. Vos et al. 
found that quantitative parameters (K" and Kep 
with p = 0.38-0.43) and semiquantitative param- 
eters (wash-in p = 0.43 and washout p = —0.39) 
correlated with Gleason grade and therefore can 
be used to assess cancer aggressiveness and dis- 
tinguish low-grade PCa from intermediate- and 
high-grade of PCa in the peripheral zone [43]. 
Hotker et al. studied a larger set of patients 
(n = 153) and found that K" is higher with 
higher-grade PCa [44]. Similar results were 
reported by Low et al. [45], where K'*™ was 
found to be higher for higher Gleason grade. 
6.5 Challenges and Limitations 

The standardization of DCE-MRI is a major 
challenge and limits establishment of a consen- 
sus and reproducibility of this imaging technique. 
Clinical adoption of DCE-MRI for prostate can- 
cer screening has been limited by the wide range 
of reported sensitivity and specificity. This varia- 
tion is due to varying experience of the radiolo- 
gists, protocols, patient demographics, and 
diagnostic criteria. 

Motion artifacts caused by rectal peristalsis 
can cause image degradation as DCE images are 
acquired over a course of 2—10 min. DCE-MRI 
signal can be increased in conditions such as 
hyperpermeability secondary to prostatitis in the 
peripheral zone and hypervascularity secondary 
to benign prostatic hyperplasia of the transition 
zone [46, 47]. DCE-MRI has lower spatial reso- 
lution compared to conventional T2-weighted 
images. DCE-MRI by itself has not been shown 
to be superior to T2W and DWI in detecting pros- 
tate cancers. Hence, its role in determination of 
PI-RADS 2.1 assessment category is secondary 
to T2W and DWI [4, 48]. 

Due to recent reports of complications sec- 
ondary to deposition of gadolinium in the body, 
use of gadolinium-based contrast agents and 
DCE-MRI is currently being debated [18, 49]. 
Recently, He et al. demonstrated that lower doses 
of gadolinium (15% of standard dose) are effec- 
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tive for diagnosis of PCa, particularly when 
quantitative analysis is used [50]. This may pro- 
vide an important alternative to conventional 
DCE-MRI that greatly reduces risks associated 
with gadolinium. Another recent study concurred 
that DCE-MRI with low gadolinium dose con- 
trast agent [50] or a high relaxivity agent can dis- 
tinguish PCa from benign prostate tissue as 
effectively as the standard dose [51]. A represen- 


a T2-weighted MRI 


83 


tative example showing diagnosis of prostate 
cancer using low quantities (with 15% of stan- 
dard clinical contrast media dose) of a high relax- 
ivity contrast agent is shown in Fig. . In 
addition to using lower doses of gadolinium, 
newly synthesized contrast agents such as iron 
[52] and vanadium-based contrast agents [53] are 
being investigated and may be utilized in the 
future. 


b ADC map 


C Early phase standard 
dose DCE-MRI 


d Early phase low dose 
ultrafast DCE-MRI 


Fig. 6.7 65-year-old patient with Gleason 4 + 5 cancer in 
the right peripheral zone. This is a PI-RADS 5 lesion with 
a large hypointense area on T2W (a) and ADC map (b) 
with focal enhancement on both early-phase low-dose 
ultrafast DCE-MRI (c) and standard clinical dose DCE- 


MRI (d). The low-dose DCE-MRI used 15% (0.015 mmol/ 
kg) of standard clinical dose (0.1 mmol/kg) and ultrafast 
sequence with a temporal resolution of 1.5 s. The standard 
clinical dose DCE-MRI used a temporal resolution of 
7.58 
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6.6 _ PI-RADS v2.1 Update 


on DCE-MRI 


Due to limitations of DCE-MRI discussed above, 
There is a growing interest in performing prostate 
MRI without DCE, a procedure termed “bipara- 
metric MRI” (bpMRI). A number of recent stud- 
ies support the utilization of bpMRI for the 
detection of clinically significant PCa in biopsy- 
naive men [54, 55] and those with a prior nega- 
tive biopsy [56]. 

The revision 2.1 of PI-RADS committee 
guidelines was published in 2019 [48] and 
encouraged continued research about the perfor- 
mance of bpMRI in various clinical scenarios. 
The committee acknowledges the potential ben- 
efits of bpMRI, including (a) elimination of 
adverse events and gadolinium retention that 
have been associated with some gadolinium- 
based contrast agents, (b) shortened examination 
time, and (c) reduced costs, possibly resulting in 
increased accessibility and utilization of MRI for 
biopsy-naive men with suspected PCa [48]. 

Recommendations regarding when mpMRI is 
preferred over bpMRI are: 


e Patients with prior negative biopsies and 
unexplained raised PSA values and those in 
active surveillance who are being evaluated 
for fast PSA doubling times or changing clini- 
cal/pathologic status 

e For men who have previously undergone a 
bpMRI examination that did not show find- 
ings suspicious for clinically significant PCa 
and those who remain at persistent suspicion 
of harboring disease 

e Prior prostate interventions (TRUS/transrectal 
resection of the prostate/BPH therapy, 
radiotherapy, focal therapy, or embolization) 
and drug/hormonal therapies (testosterone, 
5-alpha reductase, etc.) that are known to 
change prostate morphology 

e Biopsy-naive men with a strong family his- 
tory, known genetic predispositions, elevated 
urinary genomic scores, and higher than aver- 
age risk calculator scores for clinically signifi- 
cant PCa 

e Men with a hip implant or other considerations 
that can be expected to yield degraded DWI 
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6.7 Summary 

DCE-MRI involves the acquisition of serial 
Tl-weighted images of the prostate before and 
after the bolus injection of a gadolinium-based 
contrast agent. Prostate cancers show early focal 
signal enhancement due to increased vascularity 
or angiogenesis. Increased capillary permeability 
leads to higher uptake of contrast agent. This 
shortens the T1 relaxation time, and therefore 
cancers show up as hyperintense region relative 
to the surrounding tissue. The recommended 
image in-plane resolution is <2 x 2 mm with 
3 mm slice thickness without any gaps between 
slices. Image slices from DCE-MRI should 
match those from diffusion-weighted images. 
Recommended temporal resolution is <15 s (<7 s 
is preferred) without any gaps and at least 2 min 
of acquisition time. In addition to qualitative 
analysis, semiquantitative (curve type, EMM) 
and quantitative analysis (Tofts pharmacokinetic 
model) can be used for PCa diagnosis. Prostate 
cancers are characterized by increased contrast 
transfer coefficient (K'*"5), typically type 3 signal 
curve type with increased wash-in and washout 
rate compared to benign tissue. While some con- 
cerns and challenges exist with the use of DCE- 
MRI and gadolinium-based contrast agents, 
DCE-MRI remains an integral part of the clinical 
PCa management. 
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Interpretation of Multiparametric 
MRI Using PI-RADS (Prostate 
Imaging-Reporting and Data 


System) 


Bryan R. Foster and Antonio C. Westphalen 


7.1 Introduction 

Multiparametric prostate magnetic resonance 
imaging (MRI) has undergone tremendous 
growth in less than a decade [1]. The impetus 
for growth is multifactorial but in part reflects 
great strides made in MRI standardization, 
image quality, cancer detection, and, impor- 
tantly, recognition of the value-added out- 
comes of the exam by urologists. In its infancy 
prostate MRI consisted of non-standardized 
sequences, performed mostly in academic, 
high-volume centers. In time, however, after a 
significant amount of accumulated interna- 
tional experience, the need for standardization 
of reporting was recognized, which led to the 
publication of the first guidelines by the 
European Society of Urogenital Radiology. 
This expert-opinion, consensus document was 
published in 2012 and suggested minimum 
technical MRI parameters and the first scoring 
system (Prostate Imaging-Reporting and Data 
System, PI-RADS v1) for evaluating prostate 
cancer, modeled on the longstanding and suc- 
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cessful breast counterpart, the BI-RADS sys- 
tem [2]. Recognizing the limitations of version 
1 [3], specifically the cumbersome nature of 
the scoring system, the American College of 
Radiology, European Society of Urogenital 
Radiology, and the AdMeTech Foundation 
came together in 2015 to update PI-RADS to 
version 2 [4]. PI-RADS v2 was an important 
step forward as it simplified the overall scoring 
system, eliminated technically challenging 
spectroscopic imaging, simplified DCE assess- 
ment, and recognized that lesions in the periph- 
eral zone and transition zone should be scored 
differently. More recently, in 2019, because of 
accumulated data and user experience with 
PI-RADS v2, a revision was undertaken, again 
using expert consensus. Because of a more 
limited scope of the revision it was called 
PI-RADS v2.1 [5]. 

PI-RADS has been rapidly adopted, and cur- 
rently multiparametric MRI is performed in a 
fairly standardized fashion, not only at major 
centers but in smaller hospitals and outpatient 
imaging centers, reaching most of the radiology 
community. Herein we discuss a_ practical 
approach to PI-RADS v2.1, focusing on the 
important concepts, detailing the scoring system, 
and providing a framework to interpret multipa- 
rametric MRI. 
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7.2 General Concepts of PI-RADS 

It is important to understand that PI-RADS v2.1 
was designed to detect clinically significant pros- 
tate cancers, rather than to detect any and all can- 
cer. There are many published definitions of 
clinically significant prostate cancer, one which 
is generally accepted in the clinical and research 
setting and was adopted by PI-RADS v2.1: 
Gleason score >7, and/or volume >0.5 mL, and/ 
or extraprostatic extension [4]. The concept of 
clinical significance was developed to guide 
management. Patients with clinically significant 
cancer typically undergo therapy, such as prosta- 
tectomy or radiation therapy, whereas those with- 
out clinically significant cancer may be candidates 
for active surveillance. 

PI-RADS recommends scoring up to 4 lesions; 
however, it is common to identify only 1 or 2 
lesions. While prostate cancer is often multifocal, 
many small and low-grade tumors are often not 
identified with MRI, and the visible lesion with 
the highest PI-RADS score is typically the most 
clinically significant lesion, also characterized as 
the dominant tumor or index lesion. 

The first step in the evaluation of any lesion is 
to determine from which anatomic portion of the 
prostate it arises. There are four main anatomic 
locations with the vast majority of cancers found 
in the peripheral zone and transition zone 
(Fig. 7.1). 


1. Peripheral zone: gland rich portion lying pos- 
teriorly and laterally 

2. Transition zone: mixture of glandular and 
stromal tissue that surrounds the urethra and 
invariably shows benign prostatic hyperplasia 
(BPH) in middle age to older men 

3. Central zone: a small portion of glandular tis- 
sue at the prostate base surrounding the ejacu- 
latory ducts 

4. Anterior fibromuscular stroma: T2 dark band 
of fibrous tissue and muscle along the anterior 
portion of the gland generally abutting the 
transition zone 


It is critical to accurately identify the anatomic 
location because lesions in the peripheral zone 
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Fig.7.1 Normal zonal anatomy. Axial T2W image shows 
the normal high T2 signal intensity of the peripheral zone 
(white arrow), the heterogenous and nodular transition 
zone secondary to BPH (arrowhead), and the anterior 
fibromuscular stroma (black arrow) 


and transition zone are scored differently. This is 
known as the dominant sequence concept and 
was first introduced in PI-RADS v2 after accu- 
mulated research experience suggested that 
diffusion-weighted imaging (DWI) and dynamic 
contrast-enhanced (DCE) imaging did not add 
much accuracy to T2-weighted (T2W) imaging 
for cancer detection in the transition zone [6—9]. 
BPH nodules may show restricted diffusion and 
early enhancement patterns typical of prostate 
cancer. Thus, the evaluation of transition zone 
lesions is largely dependent on the morphologic 
assessment on T2W MRI. Conversely, detection 
of prostate cancer in the peripheral zone is much 
more accurate with DWI, as most benign periph- 
eral zone lesions do not show marked restricted 
diffusion. T2W imaging alone in the peripheral 
zone has poor specificity because many benign 
lesions such as fibrosis and prostatitis show 
decreased signal similar to cancer. Therefore, 
DWI is dominant in the peripheral zone for can- 
cer detection, and this is reflected in the overall 
PI-RADS assessment. 

The dominant sequence concept implemented 
in PI-RADS v2 has been evaluated in at least one 
large study of 654 lesions which found that in the 
peripheral zone the concept is valid; DWI outper- 
formed T2W imaging in cancer detection. 
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However in the transition zone, while there was a 
trend toward T2W MRI outperforming DWI, this 
was not statistically significant [10]. Subsequent 
changes made in PI-RADS v2.1 attempt to 
address these shortcomings, as DWI has a larger 
role in determining the score of lesions seen in 
the transition zone [5]. 

Accurate localization of lesions is important. 
For example, targeted biopsy is now one of the 
main indications for MRI, and in many instances 
the correlation between MRI and transrectal 
ultrasound (TRUS) findings is done cognitively. 
At a minimum, lesions should be assigned to 1 
or more sextants, by reporting laterality and cra- 
niocaudal location (apex, mid or base). However, 
PI-RADS suggests a more specific mapping of 
lesions into 38 different sectors which may 
improve communication with treating physi- 
cians prior to biopsy or therapy, improve 
radiologic-pathologic correlation, and promote 
research [5]. Notably, it is common that a lesion 
extends to involve two or more adjacent 
sectors. 


7.3 Overall Assessment 
PI-RADS assessment categories are stratified 
into five likelihoods of malignancy as follows: 


7.3.1 PI-RADS v2.1 Assessment 


Categories 


e PI-RADS 1 — Very low (clinically significant 
cancer is highly unlikely to be present) 

e PI-RADS 2 - Low (clinically significant can- 
cer is unlikely to be present) 

e PI-RADS 3 — Intermediate (the presence of 
clinically significant cancer is equivocal) 

e PI-RADS 4 — High (clinically significant can- 
cer is likely to be present) 

e PI-RADS 5 — Very high (clinically significant 
cancer is highly likely to be present) 


The final PI-RADS category is determined by 
assessing the T2W imaging, DWI, and DCE 
imaging scores, starting with the dominant 


Table 7.1 Overall assessment 


Peripheral zone | Transition zone 


DWI | DCE | PI-RADS | DWI | T2W 
O a oe 
2 [Any 2 [3 [2 
3-13 [z4 |] 

| [a T3 

E j 5 
4 Jay | [Any Je | 
5 [Any |5 [Any |5 


Note: Table reads from left to middle for peripheral zone 
and right to middle for transition zone 

Adapted from [4, 5, 11]. Reprint of tables from PI-RADS 
v 2.1. Overall assessment from Section IH; https://www. 
acr.org/-/media/ACR/Files/RADS/Pi-RADS/ 
PIRADS-V2-1.pdf?la=en, with permission from the 
American College of Radiology [11] 


sequence for the zone of the lesion (Table 7.1). 
A maximum of 2 scores is used to arrive at the 
final score, though in many cases only one cate- 
gory contributes to the final score. Notably, 
PI-RADS does not take into account clinical fac- 
tors or laboratory values, such as prostate-spe- 
cific antigen (PSA), to assign a score; it is purely 
an imaging-based scoring system. At this time, 
unlike BI-RADS, there are no standardized per- 
centages of cancer expected for each category, 
although many publications have looked at the 
positivity rate for each category (described 
below). In the future, with additional research, 
this may be incorporated into PI-RADS and 
could be used as a quality control measure, simi- 
lar to BI-RADS. 

7.4  T2W Assessment 
7.4.1 Peripheral Zone 

Because of the dominant sequence paradigm, the 
T2W score in the peripheral zone typically does 
not determine the overall score unless there is 
extraprostatic extension (EPE), which is gener- 
ally best detected on T2W images. As mentioned 
above, T2W is not the dominant sequence in the 
peripheral zone because cancers and benign 
lesions have significant overlap in morphology 
and signal. However, in general, clinically sig- 
nificant cancers show round or oval morphology 
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Table 7.2 PI-RADS assessment of T2W [4, 5, 1] 


‘Score — Peripheral zone 


1 Uniform hyperintense signal intensity 
| (normal) 


2 | Linear- or wedge- shaped hypointensity or or 
diffuse mild hypointensity, usually indistinct 
| margin 

3 | Heterogeneous signal intensity ¢ or non- 
circumscribed, rounded, moderate 
hypointensity 

Includes others that do not qualify as 2, 4, or 5 


4 | Circumscribed, homogenous moderate 
hypointense focus/mass confined to prostate 
and <1.5 cm in greatest dimension 


5 | Same as 4 but >1.5 cm in greatest dimension 
or definite extraprostatic extension/invasive 
| behavior 


| Transition zone 


1 Normal appearing transition zone (rare) or a 
round, completely encapsulated nodule 

| (“typical nodule”) 

2 A mostly encapsulated nodule OR a 
homogeneous circumscribed nodule without 
encapsulation. (“atypical nodule”) OR a 
homogeneous mildly hypointense area 

| between nodules 


3 | Heterogeneous signal intensity with obscured _ 
margins 
Includes others that do not qualify as 2, 4, or 5 _ 


4 | Lenticular or non- -circumscribed, 
| homogeneous, moderately hypointense, and 
|<1. 5 cm in greatest dimension 


5 | Same as 4 but >1.5 cm in greatest dimension 
| or definite extraprostatic extension/invasive 
| behavior 


Reprint ‘of tables from PI- RADS v 72. 1 PIRADS a assess- 
ment for T2W from Section IV, A, #2; https://www.acr. 
org/-/media/ACR/Files/RADS/Pi-RADS/PIRADS-V2-1. 
pdf?la=en, with permission from the American College of 
Radiology [11] 


with moderate decreased signal on T2W images 
and are scored 4 or 5 based on a size cutoff of 
1.5 cm (Table 7.2). Benign lesions in the periph- 
eral zone (score 2), on the other hand, generally 
show vague borders, mild hypointensity, and lin- 
ear- or wedge-shaped morphology. Another 
commonly encountered T2W score 2 lesion is 
diffuse mild hypointensity which is often due to 
fibrosis or chronic prostatitis, though impor- 
tantly these lesions show normal DWI or only 
mild low ADC distinguishing them from a dif- 
fuse cancer (Fig. 7.2). 
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7.4.2 Transition Zone 


T2W MRI assessment of the transition zone is 
perhaps the most challenging part of the PI-RADS 
scoring due to difficulty in detecting and charac- 
terizing malignancy among the inherently hetero- 
geneous and nodular background of 
BPH. Because of this, multiparametric MRI is 
less accurate in detecting and characterizing clin- 
ically significant prostate cancer in the transition 
zone compared to the peripheral zone [12]. In the 
most recent update of PI-RADS to v2.1, the 
description of the T2W imaging scores in the 
transition zone has undergone significant rework- 
ing and clarification in an attempt to address 
these difficulties [5]. 

T2W images remain the dominant sequence 
for scoring transition zone lesions, and therefore 
the final PI-RADS score is heavily dependent on 
the T2W imaging score (Table 7.1). T2W imag- 
ing dominates in the transition zone because 
DWI and DCE features that mimic cancer may be 
seen in benign BPH nodules. Therefore, T2W 
imaging morphology of transition zone lesions 
usually determines the final PI-RADS score. 
However, this is not to say, that DWI is unimport- 
ant in the transition zone as clinically significant 
cancers often show restricted diffusion similar to 
cancer in the peripheral zone. Thus, in an attempt 
to improve accuracy, PI-RADS v2.1 incorporates 
the DWI score when lesions are assigned a T2W 
imaging score 2 or 3. 

Another important update in PI-RADS v2.1 
for the transition zone is guidance on what, if 
anything, to score in the transition zone, as it is 
impractical and unnecessary to evaluate and 
score every nodular area. Only focal lesions in 
the transition zone that stand out from the back- 
ground on T2W imaging or DWI need be scored. 
For instance, on T2W MRI a lesion that is differ- 
ent from the background in shape, low signal, or 
obscured margins should be scored regardless of 
DWI appearance. Likewise, a lesion or area that 
shows features of malignancy (restricted diffu- 
sion) on DWI and on the apparent diffusion coef- 
ficient (ADC) map should be scored if it stands 
out from the background appearance of the tran- 
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Fig. 7.2 Peripheral zone T2W score 2 lesions. (a) Axial 
T2W image shows linear- and triangular-shaped, streaky 
areas of low T2 signal intensity (arrows) in the peripheral 
zone bilaterally in a patient with a history of prostatitis. 


sition zone (Fig. 7.3). For instance, a nodule 
should be scored if it shows moderately high 
DWI signal and low ADC signal, whereas the 
background transition zone shows scattered areas 
of mild high DWI and mild low ADC signal 
intensities. In contrast, however, if the transition 
zone shows multiple foci of restricted diffusion, 
this is considered to be a variant of BPH, and it is 
not to be scored. As a practicality, one approach 
for lesion detection at the workstation is to simul- 
taneously assess the DWI and ADC maps along 
with T2W MRI, looking for areas that stand out 
and are significantly different from the back- 
ground BPH. 

The T2W MRI assessment for the transition 
zone is shown in Table 7.2. The following tips 
and caveats are provided for guidance: 


e Score 1 — Typical BPH nodules appear as 
round completely encapsulated nodules and 
often are very heterogeneous with areas of low 
T2W signal, representing stroma, interspersed 
with areas of high or very high signal, repre- 
senting glandular tissue (Fig. 7.3). The cap- 
sule should entirely surround the nodule in at 
least two imaging planes, otherwise it is a 
score 2. Typical BPH nodules do not need to 
be assigned a PI-RADS score, though if 
assigned are considered T2W score 1. 


(b) Axial T2W shows diffuse mild low signal throughout 
the peripheral zone (arrows), in a different patient, with- 
out a corresponding abnormality on DWI/ADC (not 
shown) 


e Score 2 — Lesions in this category are atypical 
nodules and are not fully encapsulated or lack 
a capsule entirely. These lesions may be heter- 
ogenous with foci of high T2W signal inten- 
sity or may have a homogenously low T2W 
signal (Fig. 7.4). Importantly, these lesions are 
distinguished from score 4/5 lesions by cir- 
cumscribed margins. A homogenous area of 
low T2W signal intensity between nodules is 
also considered a T2W score 2. 

e Score 3 — These lesions do not nicely fit into 
other categories. The term obscured margins 
is used to describe these lesions which in prac- 
ticality is similar to non-circumscribed. One 
distinguishing factor from score 4/5 lesions is 
that score 3 lesions should be heterogenous, 
and generally lack a lenticular shape (Fig. 7.5). 

e Score 4/5 — On T2W, score 4 or 5 transition 
zone lesions are homogenous, have moder- 
ately low signal intensity and are lenticular- 
shaped or  non-circumscribed lesions 
(Fig. 7.6). These lesions are stratified into 
T2W scores of 4 or 5 depending on a size cut- 
off of 1.5 cm or the presence of extraprostatic 
extension (EPE). The “erased charcoal sign” 
refers to smudging of a charcoal drawing 
using a finger and is a helpful reminder that 
the margins of 4/5 lesions are non-circum- 
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Fig. 7.3 Transition zone T2 score 1 lesion. (a) DWI and 
(b) ADC images show a lesion with markedly high and 
markedly low signal intensity, respectively (arrows). (c) 


scribed or blurred, unlike score 1 and 2 lesions. 
Though score 4/5 lesions may be found any- 
where in the transition zone they are classi- 
cally found anteriorly abutting the anterior 
fibromuscular stroma and capsule. 


7.5 DWI/ADC Assessment 

Most malignancies show restricted diffusion that 
is thought to be due to increased cell density, dis- 
organized cell arrangement, and/or an abnormal 
extracellular space [13]. Restricted diffusion is 
defined as an increase in DWI signal and corre- 
sponding decrease in ADC signal on ADC maps, 
which are generated by software using two or 


The T2W image, though, shows a heterogenous round 
nodule with a complete capsule (arrow) or a “typical” 
BPH nodule 


more acquired b-values. In addition to a qualita- 
tive assessment, ADC maps allow the user to mea- 
sure ADC values, which is a measure of diffusion 
restriction. In fact, ADC values of prostate adeno- 
carcinoma show an inverse correlation with 
Gleason score. As a rule of thumb, ADC values 
less than 750-900 um?/s differentiate malignancy 
from benign lesions in the peripheral zone. 
Further, studies suggest ADC values may be used 
to better characterize lesions assigned a PI-RADS 
score 4 [14, 15]. Lesions with ADC values at or 
below the threshold mentioned earlier are as likely 
as PI-RADS score 5 lesions to represent clinically 
significant cancer. However, ADC values are not 
incorporated into PI-RADS scoring as there is 
significant overlap between individual Gleason 
scores, benign BPH nodules, as well as lack of a 


7 Interpretation of Multiparametric MRI Using PI-RADS (Prostate Imaging-Reporting and Data System) 95 


Fig. 7.4 Transition zone T2 score 2 lesion. (a) Axial T2W image shows a mostly encapsulated nodule (arrow), while 
(b) DWI shows no increased signal in the nodule (arrow), and (c) ADC shows low signal intensity (arrow) 


standardized imaging protocol across different 
MRI scanner models and vendors [4, 16, 17]. 

Therefore, for PI-RADS DWI scoring, the 
evaluation remains subjective and based on rela- 
tive visual intensities. The reference intensity for 
DWI or ADC is the background prostate gland in 
the same zone as the lesion [5]. Notably this ref- 
erence is imperfect as various benign processes 
can alter the background. Another pitfall in inter- 
pretation is failing to adjust the window and level 
of DWI and ADC images appropriately. The 
images sent directly from the scanner are not nec- 
essarily set at an ideal window and level for inter- 
pretation of DWI/ADC (unlike T2W), and, 
therefore, the radiologist should always optimize 
the image contrast [18]. 


The DWI assessment scores are shown in 
Table 7.3. Importantly, there is no differentiation 
of scoring by zonal anatomy; the peripheral zone 
and transition zone are both scored with the same 
criteria. A DWI score | is normal and shows no 
signal abnormality different than background 
(Fig. 7.7). PI-RADS v2.1 made minor updates 
and clarifications to the scoring of DWI 2 and 3 
lesions. Score 2 lesions are linear-/wedge-shaped 
areas of high signal on DWI and/or low signal on 
ADC. These abnormalities are generally seen in 
the peripheral zone and represent benign prostati- 
tis or fibrosis. Note, though, that the shape of 
these lesions is better assessed on T2W images. 
Score 3 lesions are focal and have low signal on 
ADC and/or high signal on high b-value 
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Fig. 7.5 Transition zone T2 score 3 lesion. (a) Axial 
T2W image shows an anterior heterogenous lesion of low 
signal and obscured margins, consistent with a score 3 
(arrow). (b) However, DWI and (c) ADC show mildly 


DWI. Yet, the lesion should not demonstrate 
marked abnormality on both sequences; if one 
sequence shows marked signal abnormality, the 
other must show mild signal changes. This is in 
contradistinction to DWI score 4 and 5 lesions 
which is characterized by both marked high sig- 
nal intensity on high b-value DWI and marked 
low signal intensity on ADC. The difference 
between score 4 and 5 lesions is a size cutoff of 
1.5 cm or presence of EPE, which is typically 
assessed on the T2W images. 

DWI is the dominant sequence in the periph- 
eral zone, and, therefore, the overall PI-RADS 
score often equals the DWI score. If the DWI 
score is 3, then the DCE is used as a tiebreaker. 


high and (c) mildly low signal intensity (arrows). 
Therefore the overall PI-RADS score is not upgraded and 
remains 3 


If the lesion is considered to be DCE positive, 
then the final score is upgraded to an overall 
score of PI-RADS 4 (Fig. ). On the other 
hand, DCE negative lesions remain PI-RADS 3 
(Table 7.1). 

Benign BPH nodules may show restricted dif- 
fusion; therefore, DWI has a secondary role in 
scoring the transition zone. In PI-RADS v2.1, 
though, this role has increased. A transition zone 
lesion that is assigned a T2W score 2 is upgraded 
to an overall PI-RADS 3 lesion if it displays DWI 
scores of 4 or 5, i.e., if it demonstrates marked 
restricted diffusion. Similarly, if a T2W score 3 
lesion displays DWI score of 5, it is upgraded to 
an overall PI-RADS 4 (Table 7.1). 
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7.6 DCE Assessment 
Dynamic contrast enhancement is only utilized in 
the assessment of peripheral zone lesions and is 
relegated to a secondary role to DWI. It is used as 
a tiebreaker for DWI score 3 lesions, but it has no 
role in determining the score of lesions assigned 
other DWI scores (Table 7.1, Fig. 7.8). 

Unlike T2W and DWI scores, the assessment 
of DCE is not numerical, rather it is classified as 
“positive” or “negative” (Table 7.4). A classifica- 


Fig. 7.6 Transition zone T2 score 5 lesion. Axial T2W 
image shows an anterior lesion that is non-circumscribed, 
demonstrates homogenous low signal intensity, (arrows) 
and measures more than 1.5 cm 


tion of “positive” is assigned when there is focal 
enhancement which is early than or at the same 
time as adjacent normal prostatic tissues, and, 
importantly, corresponds to a suspicious finding 
on T2W MRI and/or DWI (Fig. 7.8). A “nega- 
tive” status is assigned in the absence of early or 
simultaneous enhancement. DCE is also consid- 
ered to be negative when there is diffuse enhance- 
ment that does not correspond to a focal lesion on 


Table 7.3 PI-RADS assessment of DWI [4, 5, 11] 


Score | Peripheral zone or transition zone 


1 Normal or no signal abnormality different than 
background 


2 Linear-/wedge-shaped hypointense on ADC 
and/or linear-/wedge-shaped hyperintense on 
high b-value DWI 

3 Focal (discrete and different from the 
background) hypointense on ADC and/or focal 
hyperintense on high b-value DWI. May be 
markedly hypointense on ADC or markedly 
hyperintense on high b-value DWI, but not both 


4 | Focal markedly hypointense on ADC and 
markedly hyperintense on high b-value DWI, 
<1.5 cm in greatest dimension 


5 Same as 4 but >1.5 cm in greatest dimension or 
definite extraprostatic extension/invasive 
| behavior 


Reprint of table from PI-RADS v 2.1 PI-RADS assess- 
ment of DWI from Section IV, B, #2; https://www.acr. 
org/-/media/ACR/Files/RADS/Pi-RADS/PIRADS-V2-1. 
pdf?la=en, with permission from the American College of 
Radiology [11] 


Fig. 7.7 Photomontage of DWI scores in the peripheral 
zone. DWI score 1 = no abnormalities identified. DWI 
score 2 = streaky areas of mild signal abnormality (arrow). 
DWI score 3 = focal mildly high signal intensity on DWI 
and mildly low signal intensity on ADC (arrow). DWI 


score 4 = focal markedly high signal intensity on DWI and 
markedly low signal intensity on ADC with diameter 
<1.5 cm (arrow). DWI score 5 = same as score 4 but with 
a diameter >1.5 cm 
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Fig. 7.8 Peripheral zone DWI score 3. (a) Axial T2W 
image shows a round nodule in the left apex peripheral 
zone (arrow). (b) Axial DWI shows focal mildly high sig- 
nal intensity (arrow) while (c) ADC shows markedly low 


T2W MRI or DWI. Diffuse enhancement in the 
peripheral zone is commonly seen and is thought 
to be due to prostatitis. This should not be mis- 
taken for cancer and generally lacks a correlate 
on DWI and shows typical linear-, wedge-shaped, 
or diffuse mild decreased signal without a cir- 
cumscribed focus of moderate low signal on 
T2W MRI. 

In the transition zone, DCE is not used as 
part of the overall assessment because BPH 


signal intensity (arrow), consistent with a DWI score of 3. 
(d) DCE shows avid focal enhancement earlier than other 
prostatic tissue (arrow). The overall PI-RADS score is, 
therefore, upgraded to 4 


nodules can show a similar pattern of early 
enhancement and washout. Cancers in the tran- 
sition zone will generally show rapid, strong 
enhancement and washout, with peak enhance- 
ment occurring slightly earlier than BPH nod- 
ules. This feature, while not used in the overall 
assessment, can be helpful to confirm a lesion is 
malignant. 

Although DCE is relegated to a tiebreaker sta- 
tus in the overall assessment for PI-RADS score, 
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Table 7.4 PI-RADS assessment of DCE [4, 5, 11] 


Score | Peripheral zone or transition zone 


+ | Focal; earlier than or contemporaneously with 
| enhancement of adjacent normal prostatic 
| tissues; and corresponds to suspicious finding 
on T2W and/or DWI 

— [No early or contemporaneous enhancement; 
or diffuse multifocal enhancement NOT 
| corresponding to a focal finding on T2W 


and/or DWI; or focal enhancement 
corresponding to a lesion demonstrating 
features of BPH on T2WI (including features 
of extruded BPH in the peripheral zone) 


Reprint of tables from PI-RADS v 2.1 PI-RADS assess- 
ment for DCE from Section IV, C, #2; https://www.acr. 
org/-/media/ACR/Files/RADS/Pi-RADS/PIRADS-V2-1. 
pdf?la=en, with permission from the American College of 
Radiology [11] 


it should be noted that some radiologists find it 
useful to detect small lesions that are initially 
missed on evaluation of T2W images and DWI 
[10, 19]. Careful evaluation and cross-referencing 
of areas of early, strong enhancement to T2W and 
DWI images may help the radiologist detect, but 
not necessarily score, a lesion that was 
overlooked. 

In order to use DCE as a detection tool, the 
spatial resolution must be reasonably high so that 
small focal lesions can be seen as discrete areas 
of enhancement. The trade-off between increas- 
ing the spatial resolution is typically a decrease in 
the temporal resolution. The newest PI-RADS 
v2.1 guidelines allow for lengthening the tempo- 
ral resolution to a maximum of 15 s which can 
allow optimization of the spatial resolution [5]. 

While there are a variety of ways to view 
and post-process a DCE dataset, one of the 
easiest methods of viewing is to scroll through 
the raw images on PACS. In our experience, 
cinematically displaying all time points for a 
given slice location allows for best assessment 
of the perfusion of the gland and therefore 
detection of lesions. Various parametric maps 
and enhancement curves can be generated on 
independent workstations, and some radiolo- 
gists prefer to use these methods to detect focal 
lesions. These tools are not incorporated into 
PI-RADS, and there are no standardized view- 
ing parameters. 


Although not specified in PI-RADS, washout 
can be a sign of malignancy. Washout is seen as a 
rapid de-enhancement of a hypervascular focus 
corresponding to a focal lesion on T2W MRI or 
DWI. Benign findings can also exhibit washout, 
such as BPH nodules and prostatitis; however, 
when seen in conjunction with other PI-RADS 
score 4 and 5 characteristics, it can lend confi- 
dence to the interpreting radiologist. Lastly, ini- 
tial data on large tumors suggest that men with 
hypoenhancing tumors may have worse progno- 
sis and develop metastases or die of prostate can- 
cer at an earlier time point than men whose 
tumors are not hypoenhancing [14]. 


7.7 Extraprostatic Extension 

MRI is reasonably accurate to locally stage pros- 
tate cancer. A detailed discussion of prostate can- 
cer staging can be found in Chap. 8 of this book. 
A cancer confined to the prostate gland is 
assigned a stage T2 accordingly to the TNM clas- 
sification. Extraprostatic extension of cancer is 
classified as stage T3 and generally indicates a 
worse prognosis compared to organ-confined T2 
disease. In fact, in one study, men with obvious 
extraprostatic extension on MRI had a worse 
prognosis than D’Amico risk classification 
matched controls [20]. Extraprostatic extension 
is defined as tumor invading locally beyond the 
prostate and may be extracapsular extension of 
tumor (T3a) or seminal vesicle invasion (T3b). 
Because an invasive lesion is highly likely to be 
clinically significant prostate cancer, detection of 
this feature is scored 5 in both T2W and DWI 
assessments, irrespective of the lesion size 
(though these cancers are typically over 1.5 cm). 


7.8 Assessment with Inadequate 


Imaging 


PI-RADS v2.1 [5] gives guidance on how to 
score lesions when image quality is degraded or 
omitted. This should be rare, as the majority of 
patients complete the exam with good image 
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quality. Perhaps the most frequently encountered 
scenario is inadequate DWI imaging due to image 
distortion from unilateral or bilateral metallic hip 
prosthesis. In this scenario, the overall score for 
both the peripheral zone and transition zone is 
based primarily on the T2W score except for 
T2W score 3 lesions which are elevated to an 
overall score of PI-RADS 4 when the DCE score 
is positive. In a small number of cases, the DCE 
sequence may be inadequate or unavailable for 
scoring, because of history of allergy, IV infiltra- 
tion, or severe image artifact. Yet, concerns about 
the deposition of gadolinium in various tissues 
have led to increasing support for abbreviated 
imaging protocols and, consequently, to a larger 
number of patients who decline to receive or can- 
not receive contrast due to poor renal function. In 
these cases the overall score in the peripheral 
zone is determined by the DWI score alone. In 
the transition zone, the scoring approach remains 
the same as DCE does not play a role in the over- 
all assessment. 


7.9 Special Considerations 

Several normal anatomic structures and benign 
lesions may show focal markedly low signal on 
the ADC map and mimic cancer at first glance. 
For instance, the anatomic central zone, anterior 
fibromuscular stroma and gland calcifications 
generally show low ADC signal because of lack 
of intrinsic T2 signal. However, on high b-value 
DWI, the signal intensity of these structures is 
lower, the same, or only slightly higher than the 
signal intensity of the gland background. 
Furthermore, correlation with T2W images will 
usually show a typical appearance and low 
signal. 

One of the most common pitfalls to the inex- 
perienced reader is the central zone, which is 
often characterized as a PI-RADS 4 or 5 lesion 
because of its appearance on the ADC map. The 
normal central zone is an oval or dumbbell- 
shaped area that has low T2 signal and surrounds 
the ejaculatory ducts where they insert at the base 
of the prostate. As mentioned before, on DWI it 
generally demonstrates a signal intensity that is 
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equal to or slightly higher than the gland back- 
ground. On DCEẸ, it lacks early enhancement, 
presumably because of its high stromal content 
(Fig. 7.9). Central zone cancers, on the other 
hand, are rare, show similar features to cancers 
elsewhere, e.g., marked restricted diffusion, and 
are more likely to present as locally advanced 
disease at diagnosis [18, 21]. 

Another important pitfall is the exophytic 
BPH nodule, which protrude into the peripheral 
zone from the transition zone (Fig. 7.10). These 
nodules abut the prostatic surgical pseudocapsule 
(the thin T2 dark line between the peripheral 
zone and transition zone), a feature that can 
sometimes be used to make the correct diagnosis. 
Similar to other BPH nodules, exophytic ones 
may demonstrate markedly low signal on the 
ADC map and high signal on DWI and at first 
glance appear to represent a PI-RADS 4 or 5 
lesion in the peripheral zone. Evaluation of the 
T2W images, though, may show that the lesion is 
encapsulated and heterogeneous, like typical 
BPH nodules elsewhere, allowing for accurate 
diagnosis. Accordingly, if a PI-RADS score is 
deemed necessary, these BPH nodules should be 
classified as transition zone lesions [18]. 

Detailed discussion of pitfalls in prostate 
imaging and interpretation can be found in Chap. 
14 of this book. 


7.10 Diagnostic Accuracy 


PI-RADS v2.1 [5] made minor changes to the 
scoring schema in 2019. Thus, at the time of this 
writing there is no published data on the perfor- 
mance of v2.1 compared to v2. However, much 
work has been done to validate PI-RADS v2 
since it was published in 2015. Pooled data from 
several studies shows good performance with a 
sensitivity of 89% and a specificity of 73% for 
clinically significant cancer detection using 
PI-RADS v2. Head-to-head studies comparing 
PI-RADS v2 to v1 have also shown a statistically 
significant improvement in sensitivity [22]. 
Several studies have been published evaluat- 
ing the clinically significant cancer detection rate 
per PI-RADS category using targeted biopsy or 
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Fig. 7.9 Normal central zone. (a) Axial T2W image 
shows symmetric rounded areas of low signal intensity 
(arrows) at the base of the prostate on either side of the 
paired ejaculatory ducts (arrowhead). (b) ADC map at the 
same level shows markedly low signal intensity of the 


prostatectomy specimens as the reference stan- 
dard. The range of cancer detection in these stud- 
ies was 0-16%, 10-33%, 12-33%, 22-71%, and 
67-91% in PI-RADS categories 1, 2, 3, 4, and 5, 
respectively [10, 23, 24]. The pooled estimates of 
a recent meta-analysis published by Barkovich 
et al. found that lesions classified as PI-RADS 1 
or 2, 3, 4, and 5 represented high-grade disease in 
approximately 6%, 12%, 48%, and 72% of 
patients [25]. 

Studies evaluating interobserver variability of 
PI-RADS scoring generally show moderate to 
substantial agreement for the overall score and 


central zone (arrows). DWI images (not shown) showed 
only slightly increased signal. (c) Coronal T2W images 
show typical dumbbell-shaped appearance of the central 
zone (arrows) 


scores assigned to lesions seen in the peripheral 
zone, but only fair agreement when a lesion is 
located in the transition zone [26-28]. For 
instance, one study found that the specific transi- 
tion zone descriptor of a “circumscribed nodule” 
(T2W MRI score 2) vs. “obscured margins” 
(T2W MRI score 3) showed a poor Kappa statis- 
tic of 0.267 [26]. This reflects the difficult and 
subjective nature of the scoring in the transition 
zone. 

Missed cancers seem to be common on a per 
lesion basis when analysis is performed using 
whole mount histology or combined MRI-guided 
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Fig.7.10 Exophytic BPH nodule. (a) Axial DWI and (b) 
ADC map show a focal area in the right peripheral zone 
with markedly high and low signal intensity, respectively 
(arrow), which at first appears to represent a PI-RADS 4 


and systematic biopsy [29]. This fact has sup- 
ported the argument from the urologic commu- 
nity against proposals to restrict the biopsy 
procedure only to areas in which targets are iden- 
tified on MRI. However, on a per patient basis, 
the sensitivity is high and clinically significant 
cancer is unlikely to be missed [30]. This may be 
particularly true if targeted biopsies are directed 
to lesions seen on MRI and/or TRUS. Garcia- 
Reyes et al. found that only 33 (3.2%) of 1,024 
nontargeted systematic cores diagnosed clini- 
cally significant prostate cancer. Yet, these 33 
tumors represented approximately 1/3 of the total 
number of clinically significant disease [31]. The 
use of PSA density may help to identify who are 


lesion. However, on (c) axial and (d) sagittal T2W images 
the lesion is round and heterogenous, abuts the surgical 
capsule, and shows a thin dark capsule (arrows), typical 
findings of an exophytic BPH nodule 


the men with negative MRI who may avoid or 
need a systematic biopsy [14]. 


7.11 Management 

PI-RADS v2.1 does not provide management 
recommendations based on PI-RADS score. 
Specifically, there is no recommendation to per- 
form targeted MRI-guided biopsies on certain 
categories and to avoid biopsy for others. This is 
because several clinical factors need to be taken 
into account prior to biopsy, such as PSA, prior 
biopsy results, prior therapies, and local prac- 
tices. However, in general PI-RADS 4 and 5 
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lesions should be considered for MRI-guided 
biopsy depending on the clinical scenario [32]. 
For instance, in men who have undergone prior 
TRUS biopsy with negative pathology, biopsy 
should be strongly considered as these lesions 
often harbor clinically significant cancers [33]. 
Similarly, men who are on active surveillance for 
very low-risk or low-risk prostate cancer but are 
found to have PI-RADS 4 or 5 lesion are also 
good candidates for MRI-guided biopsy [34]. On 
the other hand, men who have a known diagnosis 
of clinically significant prostate cancer and are 
undergoing MRI for staging purposes prior to 
therapy generally do not need an additional 
biopsy. 

Because of the fairly low rate of positive biop- 
sies, PI-RADS 3 lesions present a problem in 
deciding on a biopsy approach. Therefore, local 
practices, patient preference, and laboratory val- 
ues such as PSA and PSA density may be taken 
into account when deciding on a targeted biopsy 
[14]. 


7.12 Summary 


Multiparametric MRI of the prostate incorporates 
both anatomical sequences and functional imag- 
ing to optimize detection of prostate cancer. 
PI-RADS was developed to standardize the tech- 
nical performance and interpretation of multipa- 
rametric MRI and has been an important step 
forward, becoming rapidly adopted as the pre- 
ferred prostate MRI scoring system. Experience 
has shown good diagnostic accuracy, and the lat- 
est version of PI-RADS attempts to improve on 
historical lower accuracy in the transition zone. 
Overall the scoring system is straightforward and 
is meant to be readily implemented into a busy 
clinical practice. 
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8.1 Introduction 
Prostate cancer is the second most common cancer 
in men in the United States and the second lead- 
ing cause of cancer-related deaths among men of 
all races [1]. Patient prognosis and individual sur- 
vival are influenced by the cancer histology and 
the stage of the disease when diagnosed. Accurate 
local staging of prostate cancer is useful for guid- 
ing management choices. MR imaging features 
of locally advanced prostate cancer or regional 
lymph node metastases can influence choice of 
treatment [2]. The presence of extra prostatic 
extension has been shown to confer greater risk 
of a positive surgical margin, decreased survival, 
and increased need for additional treatment [3]. 
Seminal vesicle invasion is also a marker for poor 
prognosis, and patients will be at higher risk for 
biochemical recurrence [3]. The detection of 
lymph node metastases has prognostic signifi- 
cance and can be an early indicator of systemic 
disease and overall worse prognosis [4]. 
Multiparametric magnetic resonance imaging 
(mpMRI) of the prostate with T2-weighted imag- 
ing always in conjunction with diffusion-weighted 
MRI, and sometimes also with dynamic contrast- 
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enhanced imaging and/or MRI spectroscopy, has 
become commonplace over the last decade for 
detection of prostate cancer and prostate cancer sur- 
veillance. MRI for local staging is primarily accom- 
plished using the high-resolution small field of view 
T2-weighted images and has been an indication for 
MRI of prostate cancer for even longer [5]. In addi- 
tion to MRI staging, allowing for risk stratification 
to help patients and treating physicians weigh the 
risks and benefits of therapeutic options, when sur- 
gical management is pursued MRI staging informa- 
tion can facilitate surgical margin planning prior to 
radical prostatectomy [6, 7]. 


8.2 Technical Aspects Impacting 
MRI Staging 
8.2.1 Protocols for mpMRI 


The American College of Radiology Prostate 
Imaging Reporting & Data System (PI-RADS) 
Steering Committee published PI-RADS version 
2.1 in 2019. The document includes best practice 
technical specifications for mpMRI [8]. Confident 
detection of significant prostate cancer requires 
high-quality diffusion-weighted imaging which 
allows strong reader confidence about presence of 
significant cancer. Local staging is achieved with 
simultaneous review of fast T2-weighted images, 
also according to specifications, with small field 
of view (around 15 cm) and thin slices (3 mm), in 
3D or multiplanar acquisitions (Fig. 8.1). 
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Fig. 8.1 (a) Axial DWI MR (b = 1400 s/mm^2). A 2.0 cm 
hyperintense lesion centered in the left mid gland periph- 
eral zone posterolaterally (arrow), corresponding to biopsy- 
proven prostate adenocarcinoma, Gleason pattern 4. (b) 
Axial ADC map — corresponding 2.0 cm hypointense lesion 
centered in the left mid gland peripheral zone demonstrates 
low-signal intensity, indicative of restricted diffusion, 
highly suspicious for clinically significant prostate cancer. 
(c) Axial high-resolution T2W image through the prostate 
gland. A 2.0 cm T2 hypointense homogenous signal lesion 
(thin arrow) in the posterolateral left mid gland peripheral 


zone corresponds to the site of restricted diffusion. 
Incidental note is made of hydrogel spacer between the pos- 
terior prostate and anterior rectum (block arrow). Prostate 
tumor shows broad extension along glandular margin and 
focal irregular bulging posteriorly (arrowhead), features 
suspect for early, small volume, and extra glandular spread. 
(d) T1-wieghted dynamic sequence prior to contrast shows 
homogeneous low-signal character prostate. (e) Later time 
period than (d) shows arterial phase of enhancement. 
Prostate cancer (arrow) shows marked early contrast 
enhancement compared to surrounding normal gland 
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8.2.2 Magnetic Field Strength 


Although 3.0 T and 1.5 T whole-body MRI sys- 
tems can provide diagnostic exams when opti- 
mized, most members of the PI-RADS Steering 
Committee prefer and recommend 3.0 T for pros- 
tate MRI, if available [8]. 


8.2.3 Endorectal Coils 


Endorectal coils (ERCs) increase the signal to 
noise ratio (SNR) in the prostate, regardless of the 
magnetic field strength. In larger patients where 
SNR is decreased, ERCs can help increase the 
quality of the MRI [9]. However, ERCs increase 
exam time and cost, and although they increase 
SNR, they can introduce artifacts and distort the 
gland. Additionally, ERCs may be uncomfortable 
and cause patient anxiety or aversion to imaging. 
It is important to note that some older 1.5 T MRI 
systems require the use of an ERC to achieve 
SNR optimal for prostate cancer staging. 3.0 T 
MRI exams without an ERC are considered com- 
parable to 1.5 T with an ERC in terms of image 
quality [8]. 


8.2.4 Post-biopsy Hemorrhage 


Hemorrhage is identified as TIW hyperintense 
signal and is most commonly seen in the periph- 
eral zone and seminal vesicles when MRI fol- 
lows transrectal ultrasound-guided systematic 
(TRUS) biopsy [10, 11]. Post-biopsy hemor- 
rhage and inflammation can confound mpMRI 
interpretation and may persist for many months. 
The usual recommendation is to wait 6 weeks or 
more between biopsy and MRI [11]. However, 
this issue is controversial, since when MRI is 
performed after a TRUS biopsy, the likelihood 
of clinically significant prostate cancer becoming 
undetectable due to hemorrhage is low. Also, if 
high-signal hemorrhage remains to be present, a 
clinically significant cancer may be outlined by 
the Tl-hyperintense hemorrhage, making the 
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lesion more conspicuous. Thus, delaying MRI 
may not be necessary to adequately characterize 
clinically significant cancer [8]. 


8.2.5 Patient Preparation 


The use of antispasmodic agents (such as glu- 
cagon or sublingual hyoscyamine sulfate) to 
reduce bowel motion peristalsis artifact may be 
useful in some patients. However, since prepara- 
tion is costly and risk of potential drug reactions, 
antispasmodic agents are not routinely recom- 
mended. The patient should be instructed to evac- 
uate the rectum prior to the MRI exam. Air and 
stool within the rectum may result in artifact and 
significantly degrade DWI quality. A simple over 
the counter cleansing enema administered by the 
patient hours before the MRI exam may be ben- 
eficial without the use of antispasmodic agents 
(especially if patient was called back secondary 
to bowel gas artifact) [8, 12]. Lastly, it has been 
recommended that patients refrain from ejacula- 
tion for 3 days prior to the MRI exam to ensure 
distention of the seminal vesicles. However, this 
recommendation has not been firmly established 
as a benefit for accurate staging [8]. 


Patient Information to Assist 
Staging 


8.3 


The most recent serum prostate-specific antigen 
(PSA) level and the PSA history inform the inter- 
preting radiologist on the patient risk of locally 
advanced cancer. Results from prostate biopsies 
and biopsy dates, including number of cores, 
locations, Gleason scores of positive biopsies, 
and other relevant clinical history such as a digi- 
tal rectal exam, should be provided to or sought 
by the radiologist [8]. Though there are not many 
well-performed studies to support it, most radi- 
ologists interpreting MRI of prostate believe this 
information can aid confidence and accuracy in 
detection and staging assessments, as is true for 
other diagnostic imaging tests [13, 14]. 
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8.4 Histology 

The traditional histologic diagnosis of prostate 
cancer from biopsy samples is the Gleason score 
(or sum). The aggressiveness and dedifferentia- 
tion increase from low cancer grade (or histologic 
pattern) 3 to highest grade, 5. The pathologist 
assigns a Gleason grade to the tissue, includ- 
ing the dominant pattern in the biopsy sample 
added to the lesser component. The score may be 
formed by the same number if the tissue sample 
is all of one type (i.e., 3 + 3). Thus, Gleason sums 
assigned prostate cancer range from 6 to 10 (with 
6 being the lowest-grade cancer and 10 the high- 
est). Additionally, the individual numbers and 
order are important in predicting prognosis [15]. 
For example, a patient with a Gleason score of 
3+4=7 has a better prognosis as a patient with 
4 + 3 = 7. Pathology guidelines are in transition 
from this system to an alternative grading system, 
called Grade Group, where Group 1 is equivalent 
to Gleason 3 + 3 = 6, Group 2 is Gleason 3 + 4, 
Group 3 is Gleason 4 + 3, Group 4 is Gleason 
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4 + 4, and Group 5 for any pattern 5 (Gleason 
sum 9 or 10) [16]. More detailed information on 
this topic can be found in Chap. 1 of this book. 


8.5 


Anatomy Relevant 
to Staging 
8.5.1 Prostate Capsule 


Although the prostate does not have a true cap- 
sule histologically, the prostate is partially sur- 
rounded by a T2W-hypointense margin which 
has been referred to as the prostate capsule and 
which should be scrutinized during assessment 
for extra prostatic or “extracapsular” extension of 
cancer (ECE) [7, 17] (Fig. 8.2). 


8.5.2 Prostate Zones 


The peripheral zone (PZ) is along the posterior 
and lateral aspects of the prostate gland and at the 


Fig. 8.2 Anatomy relevant to staging. (a) Trans axial 
high-resolution T2-weighted image of the mid prostate, 
non-cancerous gland with BPH in the TZ (asterisk). Zonal 
anatomy is well depicted, with the peripheral zone (PZ) 
high in signal intensity. The gland margin shows a smooth 
Tl-dark border (arrowheads) with adipose tissue and 
veins outside of this. This border, commonly referred to as 
a “capsule” despite no true capsule present histologically, 
defines the prostate glandular surface. Anterior fibromus- 
cular stroma runs along the anterior aspect (dashed 


arrows). (b) Trans axial T2-weighted image in a different 
patient with biopsy-proven cancer. Lesion centered in left 
posterior PZ (consistent with significant prostate cancer 
on DWI, not shown). Right recto-prostatic angle (location 
of neurovascular bundle) preserved (dashed arrow). Left 
posterior side shows tumor bulge at margin abutting recto- 
prostatic angle (arrow). Pathology from prostatectomy 
showed perineural invasion beyond gland margin, but oth- 
erwise not extra glandular disease 
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apex. Posteriorly, this portion of the gland closely 
abuts the rectal wall. Most prostate cancers origi- 
nate in the PZ (approximately 70-80%). On 
mpMRI, lesions in the peripheral zone should be 
measured on ADC [8]. Prostate cancers arising in 
the peripheral zone are generally more aggressive 
and with worse prognosis (for similar size) than 
those arising in the transition zone [18]. 

The transition zone (TZ) surrounds the ure- 
thra and is the site of almost all benign pros- 
tatic hyperplasia (BPH). Approximately 20% of 
prostate cancers occur in the TZ. On mpMRI, 
prostate lesions should be assessed primarily 
and measured on T2W sequence. TZ cancers are 
generally more challenging to identify second- 
ary to heterogeneous signal intensity including 
low T2 signal nodules from BPH [8]. Prostate 
cancers arising in the transition zone are gener- 
ally less aggressive and with better prognosis 
(for similar size) than those arising in the transi- 
tion zone [18]. 

The central zone (CZ) is the prostate tissue 
which surrounds the ejaculatory ducts. A small 
percentage of prostate cancers arise in the CZ 
(less than 5%). Frequently the central zone is 
involved by tumors also involving and indistin- 
guishable from adjacent peripheral zone cancers 
[19]. Due to anatomic location, cancers involving 
or originating in the CZ are more likely to have 
aggressive features and invade the seminal vesi- 
cles [7, 19]. More information on prostate zonal 
anatomy can be found in Chap. 3 of this book. 


8.5.3 Neurovascular Bundles 
and Recto-prostatic Angle 
(Fig. 8.2) 


The posterolateral aspect of the prostate gland 
has important anatomic features which are 
relevant to staging. Paired neurovascular bundles 
(NVBs) reside along the posterolateral margin 
of the gland, arising from S2-S4 nerve roots 
and the pelvic plexus of sympathetic and para- 
sympathetic fibers along the lateral aspects of the 
rectum [20]. The inferior division of the pelvic 
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plexus forms the NVB and innervates the pros- 
tate, as individual nerve fibers extend from this 
tract along with vessels into the posterolateral 
gland. In addition, NVB fibers extending more 
caudally include cavernosal nerves involved in 
erectile function. When prostate cancer develops, 
there is a tendency of the cancer to invade the 
perineural sheath within the prostate and to exit 
the prostate along nerves and vessels at the NVB 
[21]. Loss of erectile function is a known com- 
plication of radical prostatectomy, and surgical 
techniques have developed to preserve or spare 
the NVB [22]. Information from MRI staging can 
aid this decision, and radiologists interpreting 
MRI should pay attention to and report cancer 
proximity to the posterolateral gland margin and 
extension beyond the gland margin (ECE) at the 
NVB [7]. The NVB resides within an anatomi- 
cal triangle on trans axial cross-sectional images, 
surrounded by thin fascial investments, bound 
anteromedially by the prostate, posterolaterally 
by the rectum, and laterally by the pelvic floor 
musculature including levator ani. The medial 
corner of this interface had been called the recto- 
prostatic angle, and obliteration of this space by 
bulging or invading tumor is a described sign of 
extra prostatic disease [23]. 


8.5.4 Additional Gland Margins 


In addition to the posterior and lateral “capsule” 
margins at the edges of the peripheral zone, 
the anterior, apical, and basal gland margins 
have anatomical features pertinent to staging. 
Anteriorly the margin of the gland is bordered 
by anterior fibromuscular stroma (FMS) which 
contains no glandular tissue and is contiguous 
with the bladder neck at the prostate base. On 
T2W images, FMS appears as a dark band of 
tissue usually 2-3 mm thick, darker, and thicker 
than the PZ “capsule” laterally and posteriorly, 
and in older men, the FMS margin largely abuts 
BPH in the TZ [24]. Cancer in the TZ may be 
more resistant to extra prostatic spread due to 
this, and tumor extension into the FMS does not 
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constitute extra prostatic disease, but extension 
through the FMS is extra prostatic extension 
[25]. Lentiform- or semilunar-shaped anterior 
cancers along or within the anterior FMS in 
some studies have been subclassified as a sepa- 
rate tumor type [26, 27]. 

The apex of the gland constitutes periph- 
eral zone tissue histologically and is a surgical 
margin for prostatectomy. It has the least well- 
defined margin, better depicted in coronal than 
trans axial images due to the conical shape of 
the prostate apex, and oblique angles relative 
to trans axial plane. Cancer in this region can 
spread beyond the prostate, along periurethral 
tissues, leading to positive surgical margins at 
prostatectomy [28], so analysis and description 
of tumors in this region on MRI reporting can 
have implications for surgical technique and 
treatment selection. 

The base of the prostate is complex and con- 
tains portions of peripheral, transition, and cen- 
tral zones along the prostatic margin. Medially 
and posteriorly, central and peripheral zones 
are contiguous with the ejaculatory ducts lead- 
ing to the vas deferens and seminal vesicles. 
Periurethral transition zone tissue is contiguous 
with the bladder neck, and more laterally periph- 
eral zone tissue lies adjacent a thin periprostatic 
space separating the gland from the lateral parts 
of the seminal vesicles. As a result, the direct 
spread of cancer from the base of the prostate 
includes cases with seminal vesicle invasion and 
bladder muscle involvement [26]. 


8.6 Multi-parametic Imaging, 
Contributions to Staging 
8.6.1 Diffusion-Weighted Imaging 


Over the last decade, the addition of DWI used 
in conjunction with apparent diffusion coefficient 
(ADC) mapping to T2WI has become central to 
accurately staging prostate cancer. DWI is the 
most important method for the detection of tumor, 
overall assessment of tumor aggressiveness, and 
may aid in correct interpretation of extra prostatic 
extension [29]. DWI reflects random motion of 
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water molecules (Brownian movement) within 
and between extracellular to intracellular spaces 
and changes with increased cellular membrane 
permeability and cellular density, features that 
are commonly different in malignancies [29, 30]. 
Clinically significant prostate cancers show rela- 
tive restricted diffusion compared to normal tis- 
sues and appear hypointense on ADC maps and 
hyperintense on high b-value images. The effect 
of restricted diffusion in prostate cancer is more 
useful in the peripheral zone of the prostate and 
is the dominant sequence for interpretation of 
significant cancer in that part of the prostate. In 
the transition zone and central zone, the normal 
and hypertrophic tissues can show some degree 
of diffusion restriction making the detection of 
significant cancers more challenging, but the dif- 
fusion-weighted images and ADC maps remain 
useful. 

DWI must include an ADC map and high 
b-value images. Two or more b-values are needed 
to calculate ADC values. Since ADC calcula- 
tions can vary across different vendors, qualita- 
tive visual assessment is recommended to assess 
if a lesion demonstrates low ADC values (rather 
than standardized quantitative measurements). 
Although there is currently no accepted optimal 
high b-value, it is required to utilize a b-value of 
at least 1400 sec/mm^2. It is also important to 
note that SNR decreases as the b-value increases 
[8, 11]. More detailed discussion on DWI can be 
found in Chap. 5 of this issue (see Figs. 8.1, 8.3, 
8.4, 8.5, and 8.6). 


8.6.2 T2-Weighted Imaging 


Clinically significant prostate cancers in the PZ 
are usually focal, round, elliptical, or poorly mar- 
ginated hypointense lesions on T2W imaging. 
Other abnormalities of the PZ can also have this 
appearance, including prostatitis, hemorrhage, 
and BPH. Clinically significant cancers in the TZ 
are usually non-circumscribed, homogenous, and 
moderately hypointense on T2W imaging with 
loss of usual nodular architecture of BPH within 
and at the margins (typically described as “erased 
charcoal” or “smudgy fingerprint’) [8]. When 
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Fig. 8.3 (a) Axial high-resolution T2W sequence. A 
3.5 cm T2W-hypointense mass in the posterior prostate 
base shows extension into the medial aspect of the left 
seminal vesicle (white arrow). (b) Caudal to 3A, there is 
bulging and irregularity of the capsule at the left anterolat- 
eral prostate base and tumor abutment along gland margin 
greater than 1.0 cm, features suspect for extra glandular 
extension (white arrow). (c) Coronal T2W sequence — also 
depicts direct extension of T2W-hypointense tumor into 
the seminal vesicles (arrows). (d) Axial DWI MR 


(b = 1400 s/mm‘2) and ADC map — tumor with restricted 
diffusion (high-signal character, arrow) extending into the 
seminal vesicles has corresponding restricted diffusion 
(low ADC signal, arrow). (e) Axial DWI MR (b = 1400 s/ 
mm^2) and ADC map — tumor with restricted diffusion 
(high-signal character, arrow) extending into the seminal 
vesicles has corresponding restricted diffusion (low ADC 
signal, arrow). (f) Axial DCE. Positive early contrast 
enhancement directly corresponds to the 2.5 cm T2W- 
hypointense mass with restricted diffusion 
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Fig. 8.4 (a) Axial DWI MR (b = 1600 s/mm^2) show 
hyperintense high b-value image tumor in prostate 
(arrow). (b) ADC map through prostate apex, 2.5 cm with 
restricted diffusion (arrow), consistent with clinically sig- 
nificant cancer. (c) Axial high-resolution T2W sequence. 
Focal T2W homogenous relatively hypointense mass in 


significant cancers advance locally, features of 
extra prostatic growth of tumor are best depicted 
anatomically on the high-resolution T2-weighted 
images (Fig. 8.7). 


8.6.3 Dynamic Contrast 
Enhancement (DCE) mpMRI 


DCE is characterized by the acquisition of rapid 
TIW imaging during and after the administra- 
tion of intravenous contrast. DCE is considered 


the apex involving both the PZ and TZ. There is tumor 
extension into the T2W relatively even more hypointense 
urethra on the right side, suspicious for invasion of the 
urethral sphincter (arrowhead). Bulging and irregularity 
of contour anteriorly on the right also are suspected extra 
glandular spread 


positive when there is focal early enhancement 
that corresponds to a suspicious lesion with 
abnormal T2W and DWI [31]. More detailed 
discussion on DCE can be found in Chap. 6 of 
this book. In general, prostate cancers usually 
demonstrate early enhancement compared to 
normal adjacent prostatic tissue. The kinetics of 
prostate cancer can be variable with some clini- 
cally significant cancers demonstrating typical 
early washout, while other tumors retain contrast 
[8]. Importantly, enhancement is not definitive 
for clinically significant cancer in the absence 
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Fig. 8.5 (a) Axial DWI MR (b = 1400 s/mm^2) and (b) 
ADC map. Images show features of restricted diffusion 
consistent with significant cancer 3.0 cm in size in the left 
base PZ (arrows). The posterolateral aspect is irregular 
(arrowheads) and also demonstrates restricted diffusion. 
(c) Axial T2W image shows a 3.0 cm homogenously 
hypointense mass in the left base of the PZ (arrows). 


of other features, such as restricted diffusion or 
corresponding T2W abnormality. The absence 
of early enhancement does not exclude clinically 
significant prostate cancer. The presence of early 
enhancement in the absence of a corresponding 
T2W hypointense or DWI signal abnormality can 
be seen in the setting of prostatitis [8]. Therefore, 
compared to T2W and DWI, DCE plays a minor 
role when assigning a PI-RADS score. 


Evidence of gross extra glandular extension with focal 7 
to 8 mm extension at the left posterolateral aspect of the 
base into the region of the left neurovascular bundle 
(arrowhead). (d) Coronal T2W-hypointense tumor (arrow) 
extends across base of prostate into the adjacent inferior 
aspect of the left seminal vesicle (SVI, arrowhead) 


8.7 Staging of Prostate Cancer 

The most widely used staging system for pros- 
tate cancer is the American Joint Committee on 
Cancer TNM system, which was last (eighth 
edition) published in 2016 and effective in 2018 
[32]. The system is based on five components 
including anatomic (TNM) and clinical data, 
extent of the primary tumor (T category), lymph 
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Fig. 8.6 (a) Axial DWI MR (b = 1400 s/mm^2) and (b) 
ADC map. Right mid gland lesion (arrows) has features of 
restricted diffusion indicative of clinically significant 
prostate cancer, 2.3 cm maximal dimension compatible 
with a PI-RADS 5. (c) Axial high-resolution T2W 
sequence shows T2-hypointense lesion in the right lateral 


node metastasis (N category), distant metastasis 
(M category), and PSA level at the time of diag- 
nosis, Grade Group (based on Gleason score) 
that is determined by prostate biopsy [8, 32, 33]. 
MRI can provide pretreatment details on ana- 
tomic staging that help inform decision-making 
and is particularly useful in patients at higher risk 
for locally advanced disease based upon clinical 
factors. 


mid gland. The lesion abuts the gland margin, but 
smoothly marginated, without features of gross extracap- 
sular extension. Long interface with glandular margin (> 
1.5 cm) in a cancer with significant restricted diffusion 
confers increased risk for extra glandular T3 tumor 


8.8 Extra Prostatic Spread 
of Prostate Cancer 


Prostate mpMRI is the most useful imaging 
method available to determine the T stage: pros- 
tate cancer confined to the gland (T2 disease) 
or extending outside the gland (T3 disease and 
greater). The high-spatial resolution T2-weighted 
acquisition images allow evaluation for features 
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Fig. 8.7 Locally advanced cancer. Large clinically sig- 
nificant prostate cancer based on DWI (not shown) also 
shows T2-weighted imaging features of T3-T4 disease. 
(a) Trans axial image (performed with ERC) at level of 
seminal vesicles shows tumor infiltration of left seminal 


of extra prostatic extension, including evaluation 
of the neurovascular bundle, seminal vesicles, 
bladder neck, and apex. 

The accuracy of local staging to determine 
organ confined versus extra prostatic disease 
has been widely studied. Contemporary meta- 
analysis of staging shows that MRI has a high 
specificity (around 90%) and low sensitivity 
(around 60%) for extra prostatic spread of cancer, 
when the standard of reference is histology from 
prostatectomy, with benefit from endorectal coil 
use for seminal vesical invasion determination 
[34]. The low sensitivity is due to the inability of 
MRI to show microscopic extra prostatic spread 
demonstrated on histology. Sensitivity appears 
improved by use of higher field strength and func- 
tional techniques to compliment T2-weighted 
imaging [34]. 


MRI Features of Extra 
Prostatic Extension of Disease 


8.8.1 


Various features present on MRI prostate images 
have been described as signs of extra pros- 
tatic extension and seminal vesicle invasion 
(Table 8.1), and these signs have been variously 
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vesicle lumen (arrow) with extension anteriorly to involve 
urinary bladder wall (arrowheads). (b) Coronal T2W 
image same exam showing involvement of left seminal 
vesicle (arrow) and urinary bladder (arrow heads) 


Table 8.1 Local staging features of extra prostatic dis- 
ease on MRI 


Features associated with extra prostatic extension 
Asymmetry (or enlargement) of tumor-associated 
neurovascular bundle 

Bulging of the tumor-associated prostate contour, 
including into recto-prostatic angle 
Irregular/speculated tumor-associated external margin 
Tumor interface along gland margin greater than 

1.0 cm (or length of contact stratified risk) 

Features of direct tumor extension to periprostatic 
tissues or structures 

1. Bladder wall invasion 

2. Rectal wall invasion 

3. Apical periurethral invasion 

Features associated with seminal vesicle invasion 
Focal or diffuse T2W hypointense thickening of 
vesicle walls 

Low T2W filling of vesicle lumen(s) 

Contrast enhancement of above findings on TIWI, 
greater than unaffected parts 

Positive DWI (low ADC signal and high b-value 
hyperintensity) 

Direct gross tumor extension across the base or up the 
ducts and through central zone 


assessed for utility, showing sporadic but gen- 
erally effective results [5, 8, 17, 23, 35-37]. 
Combined signs are more powerful predictors 
of extra prostatic spread, so an EPE risk model 
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using several features such as significant cancer 
(by MRI features) contact length along gland 
margin, focal bulging, and gross spread (by 
various associated observations) may ultimately 
result in a well-tested and widely adopted sys- 
tem of risk-based staging, especially when com- 
bined with clinical data from biopsy and PSA 
[36, 37]. The figures provided give examples of 
the features which should be reported as either 
direct evidence or risk-associated findings of 
local stage. 


8.9 Adenopathy and Metastases 

High-risk patients (>5% chance of for lymph 
node metastases) will generally undergo nodal 
staging. The most reliable staging method is 
lymph node dissection. However, it is invasive 
and positive lymph nodes can be found outside 
the routine and extended lymph node dissection 
templates [38]. The route of lymphatic spread of 
prostate cancer should be evaluated at imaging: 
common femoral, obturator, pararectal, presa- 
cral, external iliac, common iliac, paracaval, and 
para-aortic [8, 39]. At least one sequence for MRI 
should provide a field of view up to the level of 
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aortic bifurcation. The evaluation and detection 
of metastatic involved lymph nodes on mpMRI 
is dependent on size, shape, and MRI features 
including heterogeneity, diffusion restriction, 
and enhancement pattern [39]. Size threshold 
for lymph nodes suspect for cancer involvement 
varies, with short axis used generally and greater 
sensitivities for lower thresholds of size and more 
specificity for greater threshold. A size threshold 
of 1.5 cm short axis for pelvic and retroperitoneal 
nodes is almost universally specific for metastatic 
involvement [38]. A traditional threshold for call- 
ing nodes suspect at MRI is 1.0 cm short axis for 
oval nodes, and 0.8 mm diameter for round nodes 
[40], while PI-RADS 2.1 uses 0.8 cm short axis 
as recommended threshold [8]. Lymph nodes of 
the inguinal region and bilateral common iliac 
chains are metastatic disease, while internal/ 
external iliac, obturator, and perirectal nodes are 
regional. 

Bone metastases appear as Tl-weighted 
hypointense lesions replacing marrow or T2- het- 
erogeneous versus T2 hyperintense (when fast 
saturation used) lesions. Bone metastases gener- 
ally show restricted diffusion and are hyperin- 
tense on high b-value diffusion-weighted images 
[41] (Figs. 8.8 and 8.9). 


Fig. 8.8 Metastatic disease. (a) T1-weighted imaging of 
the pelvis shows multiple metastatic lesions to bone 
(arrowheads), appearing as Tl-hypointense lesions 
replacing usually T1 hyperintense predominantly fatty 
marrow. (b) High b-value (b = 1400) diffusion-weighted 


axial image shows restricted diffusion at sites of osseous 
metastases. In addition, small left internal iliac node 
(arrows on Fig. 8.8a, b) shows restricted diffusion in 
excess of normal inguinal nodes, consistent with meta- 
static involvement 
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Fig. 8.9 Late-stage metastatic prostate cancer. (a) Trans 
axial T2-weighted image with large mass (asterisk) cen- 
tered on the prostate with complete loss of internal zonal 
architecture, effacing surrounding structures. (b) Superior 
to Fig. 8.9a shows tumor involving bladder wall exten- 


8.10 Summary 


Multi-parametric prostate MRI is the best imag- 
ing method to determine the T stage of prostate 
cancer and differentiate between cancer confined 
to gland (< T2 disease) and disease that extends 
beyond the gland (>T3). High-spatial resolution 
T2W imaging can demonstrate features of extra 
prostatic extension, including bulging of the pros- 
tate capsule, irregularity or speculated prostate 
margin, seminal vesicle invasion, or extension 
to surrounding structures, including involvement 
of neurovascular bundle. Pelvic and retroperito- 
neal lymph nodes can be evaluated for metastasis 
based on size, morphology, and MRI character. 
In the same setting, larger field of view images 
allow evaluation for metastases to nodes or bone. 
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sively (arrowheads), bilateral enlarged irregular and het- 
erogeneous nodes (arrows), and bilateral obstructed 
ureters (dashed arrows). Low-signal heterogeneity of 
bone marrow also due to metastases 
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9.1 Introduction 

Multiparametric prostate magnetic resonance 
imaging (mpMRI) is based on three basic pulse 
sequences: three-plane T2-weighted imaging 
(T2W)D, diffusion-weighted imaging (DWT), and 
dynamic contrast imaging (DCE). The minimum 
technical parameters of these three sequences 
are detailed in the prostate imaging reporting 
and data system (PI-RADS) versions 2 (v2) 
and 2.1 (v2.1) [1, 2]. In PI-RADS scoring, all 
three sequences should be evaluated together. 
All three sequences need to be obtained in the 
same geometric plane and with the same cross- 
section thickness [3]. Such an approach will 
allow synchronous assessment of T2WI, DWI, 
and DCE. Synchronized evaluation is critical 
for accurate localization of the lesion. Accurate 
description of the lesion location is also neces- 
sary for the success of the intervention such as 
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biopsy or focal therapy. In this chapter, we will 
describe how to do post-processing of prostate 
MRI and basic reporting requirements for accu- 
rate prostate biopsy guidance. 


9.2 Minimum Requirement 


of the Prostate MRI Report 


The PI-RADS document described the assess- 
ment and reporting of mpMRI in detail [2]. 
Especially for the standardization of report- 
ing in the active surveillance patients, the panel 
of Prostate Cancer Radiological Estimation of 
Change in Sequential Evaluation (PRECISE) 
presented a series of recommendations in the 
assessment of mpMRI [4]. According to these 
two important documents, the prostate MRI 
report should include prostate-specific antigen 
(PSA) information and prostate volume. It is use- 
ful to specify the PSA density (PSAd) using the 
formula of PSA/prostate volume. Describing the 
localization of the lesions is very critical. It is rec- 
ommended to report maximum number of four 
lesions. Index lesion, which is highest likelihood 
of clinically significant cancer (CSC), should be 
specified as the first lesion [2]. 

The report should include magnet strength, coil 
usage, date of scan, and report. PI-RADS scores 
and maximum diameter of the lesions should be 
given. In likelihood of CSC and extraprostatic 
extension, TNM stage can be reported. Reporting 
the index lesion size using absolute values at 
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baseline and at each subsequent MRI was recom- 
mended. The radiologists should assess the likeli- 
hood of true change over time (i.e., change in size 
or change in lesion characteristics on one or more 
sequences) on a 1-5 scale. There was an agree- 
ment and consensus on the use of the Gleason 
score in active surveillance when reporting of the 
lesion sampled before. Increase in size, becom- 
ing visible on DWI (significant progression), 
appearance of extracapsular extension, seminal 
vesicle involvement, or bone metastasis (definite 
progression) were the criteria which could state 
radiologic progression [4]. All these criteria and 
suggestions should be considered in assessment 
and reporting of the mpMRI. 


Lesion Localization 
and Measurement 


9.2.1 


Prostate cancer is usually multifocal. The aim of 
prostate MRI is to detect CSC. Although there 
is no clear consensus on identification of CSC, 
Gleason >3 + 4, volume > 0.5 cc, and extrapros- 
tatic extension tumors were defined as CSC in the 
PI-RADS document [2]. 

The prostate MRI tends to underestimate 
tumor volume. PZ lesions’ diameter should 


be measured on apparent diffusion coefficient 
(ADC) maps, while TZ lesions’ dimension 
should be measured on T2WI. The PI-RADS v2 
proposed that if lesion measurement is difficult or 
compromised on ADC (for PZ) or T2W (for TZ), 
measurement should be made on the sequence 
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that shows the lesion best. Lesion size should be 
measured on axial slices. It can also be evaluated 
on coronal or sagittal plane if it has larger dimen- 
sion on coronal or sagittal plane [2]. 

The size can be measured using volume (by 
manual planimetry or calculated from three 
diameters), by biaxial measurement of maximum 
diameters on an axial slice, or by a single mea- 
surement of maximum diameter [2]. The authors 
of PRECISE panel underlined that there is no 
definite consensus about measurement of lesion’s 
diameter or volume, but a single diameter may 
be more reproducible than a volume [4]. The 
PI-RADS was recommended that the minimum 
requirement is to report the largest dimension, 
but alternatively volume may be automatically 
calculated using a software or manually cal- 
culated using ellipse formula [2]. Free-handed 
volume of interest (VOI) can be used in volume 
determination. The lesion can be marked with 
region of interest (ROD on each slice; 3D volume 
rendering and volume measurement can be made 
on workstation (Fig. 9.1). 

The sequence and slice number of the lesion 
with maximum diameter should be indicated in 
the report. According to PRECISE, a single- 
axis measurement of a lesion on a functional 
sequence (e.g., high b-value images) is more 
reproducible than volume [4]. The PI-RADS 
proposed that PZ lesions should be measured 
from ADC, while TZ lesions should be mea- 
sured from T2WI [2]. Axial T2WI sequence has 
the highest resolution in mpMRI, and anatomic 
details are evaluated in T2WI such as neurovas- 


Fig. 9.1 Volume calculation vs single measurement of Gleason 4 + 4 lesion. (a) Volume determination with VOI on 
T2WI (4 ml), (b) single maximum diameter on ADC (2 cm), the lesion is also visible on b = 2000s/mm? DW MRI (c). 
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Fig. 9.2 Radiological anatomy of the prostate 


cular bundle thickening. Also, extraprostatic 
extension and differentiation of benign prostate 
nodules (BPH) and cancer nodules should be 
assessed on T2WI. Nevertheless, it is some- 
what confusing that the measurement was sug- 
gested on functional sequences in which spatial 
resolution is inferior than T2WI. In a study, it 
is emphasized that the addition of DWI MRI 
significantly improves the accuracy of prostate 
tumor volume measurements when compared 
with T2-weighted MRI alone [5]. It may be 
more appropriate that the measurement can be 
done on axial T2WI and providing the largest 
single dimension since it has highest spatial 
resolution. However, if DWI provides extra 
information, both T2WI and DWI can be evalu- 
ated together. 

Accurate reporting of the lesion’s location 
is critically important. A detailed descrip- 
tion of zonal localization was described in the 
PI-RADS document in Appendix 2 with a title 
of sector map [2]. In PI-RADS v2.1, the revised 
sector map contains two additional sectors in 
the base PZ: right and left posterior PZ medial. 
With this revision, there are now 38 prostate 
sectors, plus 2 sectors for the seminal vesicles 


and 1 for the membranous urethra, amounting 
to a total 41 sectors [1]. Practically, the pros- 
tate is divided into right/left on axial images by 
the center (prostatic urethra) and into anterior/ 
posterior by a horizontal line through the mid- 
dle of the gland. The gland also subdivided the 
TZ and the PZ by pseudocapsule (sometimes 
referred to as the “surgical capsule). In sagit- 
tal plane, it is subdivided into three sections: 
base, mid, and apex (Fig. 9.2) [2]. So, three- 
plane evaluation should be the basic principle 
in proper localization of the lesions. 

The central zone is a bandlike tissue around 
ejaculatory ductus at the base. It exhibits 
decreased T2 and ADC signal, and it can show 
diffusion restriction and mimic a tumor in some 
cases. Coronal T2WI should be used in the evalu- 
ation of the central zone [1, 2, 6]. Normal cen- 
tral zone is seen as symmetric triangular-shaped 
appearance on coronal T2WI (Fig. 9.3). In the 
presence of asymmetry, the probability of tumor 
increases. The central zone’s symmetry on either 
side of the midline and classic location surround- 
ing the ejaculatory ducts are helpful features in 
its proper identification [6]. Less than 5% of 
prostate cancers arise within central zone [7]. 
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Fig. 9.3 Normal central gland is mimicking a tumor on axial slices. It is triangular symmetric central gland typically 


located around ejaculatory ducts (blue dash) 


9.3  Post-processing of MRI 


for Targeted Biopsy 


MRI data can be utilized in many ways for guid- 
ing prostate biopsies. Currently defined tech- 
niques include cognitive, in-bore, and TRUS/ 
MRI fusion-guided techniques [8]. Among those, 
the TRUS/MRI fusion-guided technique requires 
many steps with MRI data post-processing. 
These steps can sometimes be tedious and require 
a consistent and careful approach for a success- 
ful MRI-guided biopsy result. The basic steps for 
post-processing are volumetric segmentation of 
the prostate gland from the entire imaging field 
of view, target lesion delineation within the pros- 
tate gland, and proper labelling/communication 
of these detected and delineated target lesions. It 
should be noted that almost all of the platforms 
utilize axial T2W images for biopsy guidance 
since they offer the highest spatial resolution 
with intraprostatic anatomic details. Therefore, 
the post-processing for biopsy guidance should 
be conducted on axial T2W images. 


Volume Assessment 
and Segmentation 


9.3.1 


Prostate volume should be calculated and 
reported in all patients. Volume is used to cal- 
culate PSAd which can be used as a marker 
of aggressive cancers. The volume is directly 
related to the severity of BPH, and change in 
prostate volume is a more objective measure of 
BPH treatment [9]. 

There are some different options to assess vol- 
ume of the prostate. The basic one is digital rec- 
tal examination and is often inaccurate; therefore 
measurements from US and MRI would be very 
helpful information. In transabdominal/transrec- 
tal US or MRI, triplanar measurements are used 
to calculate the prostate volume using the ellip- 
soid formula [9, 10]: 


Volume = [maximum AP diameter] 
x [maximum transverse diameter] 


[maximum longitudinal diameter | x 0.52. 
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Fig.9.4 Volume 
measurement (a) using 
ellipse formula 

(48 x 43 x 52 mm x 
0.52 = 56 ml) on sagittal 
and axial T2W MRI and 
(b) VOI manually 

(61 ml) on axial T2W 
MRI. Radical 
prostatectomy specimen 
including seminal 
vesicles 

was 67 g 


This formula assumes that the object has a 
regular ovoid shape. In fact, prostate is a cone- 
shaped rather than ellipsoid, and it has usually 
eccentrically enlarged median lobe which is not 
accounted by the ellipsoid formula [10]. The 
ellipsoid formula method is simple, rapid, and 
cost-effective, but it may cause inaccurate results 
as mentioned above. Besides, at least two planes 
of T2WI were required for this measurement [2]. 

The other option in the assessment of the 
prostate volume is segmentation method. It can 
be done manually, semi-, or full automatically. In 
manual segmentation, prostate capsule is manu- 
ally traced in each or desired plane (mostly axial 
plane) on T2WI [9, 10]. On the workstation, 
region of interest is selected (ROI), or volume 
of interest (VOI) is selected, and the capsule is 
contoured on each slice manually. The computer 
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integrates the slices and calculates the prostate 
volume, and 3D images are generated. This is 
an effective but time-consuming and may take 
up to 10-15 min per patient. This method is also 
referred to as manual planimetry (Fig. 9.4). 

To overcome the inefficiency and subjec- 
tivity of planimetry, semiautomated and fully 
automated segmentation softwares have been 
developed [9, 10]. Automated segmentation 
algorithms overcome the limitations imposed by 
the complexity of shapes and images through the 
use of shape and appearance models that serve 
to automatically detect the margin of the pros- 
tate [11]. Automated procedures relieve radiolo- 
gists from time-consuming manual segmentation 
while maintaining high levels of accuracy and 
reproducibility, equal to or even greater than 
those of the manual method [12]. Semiautomated 
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programs still require some manual user input 
especially at the interface of the prostate with the 
rectum, which is difficult for most algorithms. 
In fully automated segmentation, different mod- 
els used to draw prostate contour with the help 
of intensity difference, appearance, shape, and 
topology information of the individual prostate 
subregion [9, 10]. It does not need any manual 
input and seems to be more objective. 

In a study comparing the ellipsoid formula, 
manual and fully automated segmentation meth- 
ods, Pearson correlation coefficients were found 
to be 0.86-0.90, 0.89-0.91, and 0.88-0.91, 
respectively. All three methods had a comparable 
accuracy for estimating the radical prostatectomy 
volumes [10]. Segmentation methods had some 
advantages over ellipsoid formula since their end 
product can be used in fusing the MRI to other 
modalities such as ultrasound for biopsy or PET 
for diagnosis. Such segmentations can also be 
used in focal ablation therapies [9, 10]. 


9.3.2 Target Lesion Segmentation 


A detailed definition of the localization of the 
intraprostatic lesions is extremely important. 
Five regions including apical, apical-mid, mid, 
mid-base, and base can be more accurately 
defined using the midsagittal plane. The anterior 
half can be described as anterior gland, and the 
rest is simply posterior gland. It should be speci- 
fied as right vs left with reference to the midline. 
It should also be reported whether the lesion 
is localized in the TZ, PZ, or both. There is no 
need to add “posterior” if it is localized in the PZ 
[2]. However, definition of “anterior” is usually 
needed for the lesion located in the TZ. Biopsy 
can be performed more effectively by accurate 
and consistent specification of the lesion location 
and its relation to specific landmarks of the pros- 
tate such as capsule, urethra, etc. 


9.4 Conclusion 

Proper post-processing of the prostate MRI is 
penultimate step in which a diagnostic radi- 
ologist directs an MRI-guided fusion biopsy. 
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Segmentation of the prostate and contouring of 
the target lesion are critical for accurate biopsy 
guidance. The contour should be drawn on axial 
T2WI using the free-handed ROI drawing tool. 
This will appear as target to the physician who 
will perform the biopsy. Axial T2WI has the 
highest spatial resolution and is more accurate for 
localization of the lesion; nevertheless utilization 
of multi-plane images will increase our accuracy. 
We should also be aware of partial volume effects 
which can be detected using three-plane assess- 
ment. Finally, trying to add as much information 
from DWI and DCE will increase accuracy. 
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10.1 Introduction 

Systematic transrectal ultrasound-guided biopsy 
(TRUS bx) of prostate has been regarded as the 
standard of care for sampling prostate in men 
with clinical suspicion of prostate cancer (PCa), 
mainly based on the increased prostate-specific 
antigen (PSA) or abnormal digital rectal exam 
(DRE). 

While the traditional goal of TRUS bx was can- 
cer detection, the contemporary goal of targeted 
prostate biopsy is to maximize the detection rate 
of clinically significant prostate cancer (csPCa) 
(Gleason score (GS) > 7 or Gleason group 
(GG) > 2) and minimize the detection of clini- 
cally insignificant cancer (low-volume cancer 
with Gleason group 1). Long-term cohort studies 
have shown that patients with low-grade, clini- 
cally insignificant prostate cancers do not benefit 
from invasive therapy, because cancer-related 
mortality in this subgroup of patients was simi- 
lar to patients on active surveillance, while they 
show higher rates of morbidity [1, 2]. Traditional 
TRUS bx, adopted widely since 1986, has sev- 
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eral drawbacks. First, it is a random sampling of 
the peripheral, posterior half of the prostate gland 
and may miss clinically significant foci of PCa 
located outside the biopsy zones. Transition zone 
and anterior region lesions are often missed on 
systematic TRUS bx. Out of 121 anterior PCa 
lesion in the study of Volkin et al., 48.7% would 
have been missed by TRUS bx alone [3]. Second, 
it is associated with an unfavorably high detec- 
tion of low-grade PCa. Third, TRUS bx under- 
estimates PCa grade and leads to error rates in 
up to 49% in patients on active surveillance [4]. 
Fourth, the risk of bleeding and infection/sep- 
sis is up to 5% in men undergoing TRUS bx. 
Other strategies such as transperineal-ultrasound 
biopsy (TPUS bx) also have these limitations. 
Overall, despite the simplicity and widespread 
availability of TRUS bx, the nontargeted nature 
of the technique undersamples csPCa and overs- 
amples clinically insignificant PCa. 

The accuracy of prostate imaging for detec- 
tion of PCa has significantly increased with the 
advances in multiparametric MRI (mpMRI) 
hardware, imaging sequences, and postprocess- 
ing software [5]. A standardized method has been 
developed to increase inter-reader reliability for 
interpretation of prostate mpMRLI. Based in part on 
prior published single-center scoring systems (e.g., 
UCLA score, NIH score), the Prostate Imaging- 
Reporting and Data System (PIRADS) was intro- 
duced in 2012 with ongoing updates (PIRADS v2 
and v2.1) [6, 7]. The PRECISION trial, a multi- 
center, randomized trial of 500 men, suggested 
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that initial assessment with mpMRI and MR-US 
fusion biopsy (MRUS-Fbx) of MR-positive lesions 
resulted in 12% increase in detection of csPCa 
and 13% decrease in detection of clinically insig- 
nificant cancers, compared to systematic TRUS 
bx alone. A retrospective review of 4259 individu- 
als [8] who underwent mpMRI between January 
2012 and December 2017 showed that biopsy was 
precluded in 53% of individuals at risk by using 
PIRADS assessment scoring. csPCa diagnosis- 
free survival was 99.6% after 3 years in this group 
of individuals. The PROMIS study, which was a 
paired-cohort confirmatory study [9], showed that 
mpMRI has higher sensitivity and negative predic- 
tive value for the detection of clinically signifi- 
cant PCa, compared to TRUS bx. A high negative 
predictive value is important because a negative 
mpMRI result would assure that csPCa would be 
highly unlikely, potentially precluding biopsy in 
many individuals at risk. The PROMIS study indi- 
cated that targeted biopsy in individuals with sus- 
picious mpMRI could potentially avoid biopsy in 
up to 25% of men at risk. The study reported that 
targeted biopsy can improve the detection of clini- 
cally significant PCa with significant reduction in 
the number of diagnosed clinically insignificant 
cancer. 

Various strategies for performing MR-targeted 
biopsy of prostate have been proposed without 
an absolute consensus on the preferred method. 
Overall, MR-targeted biopsy might be performed 
via three approaches including MRUS-Fbx, cog- 
nitive guidance (MRUS-Cbx), and direct in-bore 
MR-guided biopsy (IBMR-Bx). MRUS-Fbx 
strategy fuses previously acquired MRI data with 
the real-time TRUS or TPUS images on the day 
of biopsy. In the MRUS-Cbx, the operator men- 
tally maps the previously acquired MR target on 
the real-time TRUS or TPUS biopsy images, thus 
“cognitively fusing” and approximating the MRI 
target on the real-time US image and guiding the 
needle to this location. Finally, the IBMR-Bx can 
be performed using transrectal (TR), transperi- 
neal (TP), or transgluteal (TG) approaches with 
a direct in-bore approach while patient is lying in 
the MR gantry. 

Both MRUS-Fbx and MRUS-Cbx use 
pre-acquired MRI-based suspicious targets 
(PIRADS 3-5), while IBMR-Bx uses these 
pre-acquired targets supplemented by real-time 
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anatomic (T2-weighted) and functional (diffusion- 
weighted) MR images during biopsy of suspi- 
cious targets. A number of studies have shown the 
significantly higher detection of clinically signifi- 
cant disease with lower required biopsy cores in 
MR-targeted methods compared to TRUS bx. A 
systematic review of 43 studies on MR-targeted 
biopsy of prostate found that omitting TRUS bx 
would result in missing 10% of csPCa and 50% 
of clinically insignificant cancers [10]. 


10.2 MRI-Ultrasound Fusion 
Biopsy 


10.2.1 Biopsy Technique 


Prior to a TRUS-bx procedure, the patient is 
instructed to eat a low-residue diet and undergo 
a bowel preparation on the day prior to biopsy 
to ensure no fecal matter remains in the rectum. 
Transperineal approach doesn’t require bowel 
preparation. MRUS-Fbx using either the TRUS 
or TPUS route essentially converts a systematic 
partial organ sampling procedure into a targeted 
biopsy of suspicious MRI foci with or without sys- 
tematic TRUS bx. After obtaining either 3-Tesla 
or 1.5-Tesla mpMRI of the prostate, the outline 
of the prostate gland and the suspicious targets 
is contoured on T2-weighted images using one 
of several automated, semiautomated, or manual 
software programs (e.g., DynaCAD (InVivo Inc., 
Gainesville Fl), Profuse ((Artemis Inc., Grass 
Valley, Ca), SyngoVIA (Siemens Healthineers), 
Osirix (Osirix)) that enables contouring of the 
whole gland and individual suspicious lesions. 
The data is then transferred to one of several 
MRUS-Fbx platforms (UroNav, Artemis, Koelis, 
etc.). To perform the TRUS bx, the patient is 
placed in lateral decubitus position on the oper- 
ating table. An anesthetic gel (e.g., lidocaine) 
is administered into the rectum to reduce pain 
during TRUS probe manipulation. A 2D TRUS 
probe is then inserted into the rectum to perform 
an ultrasound sweep, which captures small slices 
of the prostate. These slices are sent to the fusion 
platform to generate a 3D segmented model of the 
prostate. For TPUS biopsy, the patient lies supine 
with anesthetic gel injected bilaterally to anesthe- 
tize the pudendal nerves [11]. The perineum is 
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imaged with a needle guide attached to the probe, 
and the images are sent to the fusion platform. 
The vendor-specific software then co-registers 
ultrasound images on the previously acquired 
segmented MR images by fusing the contours of 
the prostate [12, 13]. The platform will create a 
live “tracking” guidance for prostate biopsy. The 
platforms for software-assisted MR-ultrasound 
fusion prostate biopsy mainly differ by the type 
of image registration, the needle tracking method, 
and the biopsy approach (TP vs. TR) (Fig. 10.1). 


10.2.1.1 Image Registration 

Image registration can be either rigid or nonrigid 
(elastic). In rigid image registration, mpMRI 
images are superimposed on TRUS or TPUS 
images without considering the possible pros- 
tate deformation by position difference between 
mpMRI and ultrasound (e.g., supine position 
for mpMRI and TPUS biopsy vs. left lateral 
decubitus position for TRUS), ultrasound probe 
pressure, or possible patient movement. In the 
elastic image registration, the deformation of 
prostate by biopsy probe adjusted, and therefore 
elastic registration supposed to be a more accu- 
rate method with the elimination of the residual 
cognitive fusion for targeting the lesion. Several 


Prior to procedure 


MRI acquisition with ERC 


Preprocedure 


Day of procedure 
Procedure 


3D TRUS 
acquisition 


Fig. 10.1 Steps required to obtain an MR-ultrasound 
fusion-guided biopsy. ERC endorectal coil, T2W T2 
weighted, DWI diffusion-weighted imaging, DCE dynamic 


MRI-3D TRUS 
registration 


FDA-approved devices such as Artemis (Eigen, 
Grass Valley, CA) and UroNav (Philips-InVivo, 
Gainesville, FL) use a combined elastic and rigid 
registration. A systematic review by Venderink 
et al. [15] pooled the results of studies, which 
compared the performance of MRUS-Fbx to sys- 
tematic TRUS bx, including 11 studies with elastic 
and 10 studies with rigid image registration tech- 
niques. Venderink et al. reported OR of 1.45 (95% 
CI: 1.21-1.73, p < 0.0001) and 1.40 (95% CI: 
1.13-1.75; p = 0.002) for elastic and rigid registra- 
tion subgroups, respectively. They did not find any 
superiority for either image registration method to 
detect PCa (P: 0.19) and csPCa (P: 0.83). 


10.2.1.2  Transrectal vs. Transperineal 
Approach 

MR-ultrasound fusion-targeted biopsy may be 
used via the TR or TP approaches. As stated, the 
incidence of infection, rectal bleeding, and sep- 
tic shock is reportedly much lower using a TP 
approach [16] as compared to the dominant TR 
approach (up to 5% compared to near 0%) [17]. 
Reasons include tracking of inadequately treated 
fecal bacteria into the bloodstream or bacterial 
resistance to ciprofloxacin during biopsy [17]. 
A comparison between TRUS and TPUS biopsy 
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Prostate segmentation and target identification 


Intraprocedure 
Realtime TRUS 


contrast enhanced, TRUS transrectal ultrasound, 3D three 
dimensional. (Reprinted from Siddiqui et al. [14], with 
permission from Elsevier) 
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showed similar minor complication rates for 
hematuria, lower urinary tract symptoms, and 
dysuria, while TRUS was associated with signifi- 
cantly higher rate of infection and rectal bleeding 
[18]. A drawback of TPUS guidance is that it is 
significantly more painful than TRUS guidance, 
and, therefore, it requires a pudendal block or 
spinal anesthesia but can also easily performed 
under local anesthesia in an outpatient setting 
[11]. Moreover, TRUS approach is more likely to 
miss the anterior prostate lesions [19]. 


10.2.1.3 Fusion Platforms 

A number of commercially available platforms 
have been developed for performing MRUS- 
Fbx of prostate. These platforms differ based 
on the needle tracking system (e.g., electromag- 
netic tracking, position-encoded joints tracking, 
and image-based software tracking), type of 
ultrasound probe, the biopsy route, and image 
registration method [20]. Several examples of 
common commercially available systems are 
outlined below. 


1. UroNav (Philips/InVivo, Gainesville, Fl): The 
first and currently the most common MRUS- 
Fbx platforms for prostate sampling, UroNav 
uses a passive electromagnetic field generator, 
similar to global positioning system (GPS), to 
track the motion of TRUS probe on previously 
acquired axial MR imaging (Fig. 10.2). This 
platform allows elastic and rigid image regis- 
tration and enables freehand ultrasound for 
prostate biopsy [21]. Another feature of the 
platform is its documentation of the biopsy 
location for future reference, to enable repeat 
biopsy from previous positive targets. The 
tracking error of this platform is approxi- 
mately 2-3 mm on average but can be much 
larger due to many factors. Siddiqui et al. 
detected 30% more csPCa detection by 
UroNav device compared to systematic TRUS 
bx [22]. 

2. Artemis (Eigen): One of the first commer- 
cially available MRUS-Fbx platforms, 
Artemis uses a fixed mechanical arm to TRUS 
probe with embedded angle-sensing encoders, 
which track the position of the probe and nee- 
dle. This system immobilizes the probe from 
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target acquisition to firing the probe. Similar 
to UroNav, Artemis utilizes both rigid and 
nonrigid image registration and has also the 
advantage of recording the biopsy site for 
potential future sampling (Fig. 10.3). Studies 
with this device have shown that PCa detec- 
tion was three times more likely with Artemis 
MRUS fusion platform compared to system- 
atic TRUS bx, with 38% of csPCA which 
were detected only on MRUS-FBx and not on 
TRUS bx [23]. 


. Urostation (Koelis): Widely used in Europe 


and the United States, this MRUS-Fbx plat- 
form uses a TRUS-TRUS registration tracking 
in which fusion of 3D ultrasound images with 
previously acquired MRI is performed and 
then biopsy is taken. Immediately after biopsy, 
an additional 3D TRUS is obtained to retro- 
spectively determine the accuracy of biopsy 
needle position (Fig. 10.4). Unlike other 
fusion biopsy devices, this platform does not 
provide real-time prospective targeting but 
enables an automatic TRUS probe rotation 
and elastic image registration [24]. Mozer 
et al. showed significantly higher csPCa detec- 
tion rate (43% vs. 37%), higher csPCa core 
positivity rate (31% vs. 7.5%), and higher 
positive cores length (8 mm vs. 4 mm) using 
Urostation MRUS-Fbx, compared to system- 
atic TRUS bx [25]. 

Virtual Sonography 
(Hitachi) and Virtual Navigator (Esaote): 
Similar to UroNav, these platforms use a free- 
hand TRUS probe with electromagnetic track- 
ing sensors, enable only rigid image registration. 
Target delineation can only be performed after 
MR images are transferred into fusion plat- 
form. HI-RVS platform has the advantage of 
utilizing both TR and TP approaches [20]. 


. BioJet (GeoScan Medical): This system is 


also based on a position-encoded mechanical 
arm. This platform uses rigid registration and 
allows for both transrectal and transperineal 
biopsies. Using this MRUS-Fbx platform, 
Shoji et al. identified 79% of csPCa using a 
whole-mount histopathology (WMHP) as ref- 
erence standard [26]. 


. BiopSee (PiMedical/ MedCom): This is a 


fusion platform for performing TP fusion 
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Fig. 10.2 Transrectal 
MRUS fusion biopsy 
using UroNav platform. 
(a) The snapshot shows 
the operator view while 
performing the procedure 
with overlay of 
ultrasound image (upper) 
and previously acquired 
MRI (lower). (b) This 
platform allows elastic 
image registration and 
freehand manipulation of 
ultrasound probe. The 
yellow line shows the 
position of the biopsy 
needle. (Image courtesy 
of Allan J. Pantuck, MD, 
UCLA Institute of 
Urologic Oncology, 
Department of Urology, 
UCLA) 


Target Target Location Core Pathologist Die 
Type Length Description 


biopsy. TRUS probe is mounted on a stepper 10.2.2 Current Opinions on MRUS 

that is fixed to the operating table. A grid Fusion Biopsy 

mounted on the mechanical stepper is used to 

place the biopsy needles. In a study of 120 Several studies have found that MRUS-Fbx 
patients who underwent MRUS-Fbx using increases the detection rate of csPCa and decreases 
BiopSee, 79% of csPCa was detected with the detection of clinically insignificant PCa, com- 


WMHP correlation [27]. 


pared to systematic TRUS bx. The ability of this 
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Biopsy Core Length 
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tmm i7mm 16mm 13mm 


Distal End Biopsy Needle 


Fig. 10.3 A longitudinal view of the output from Artemis 
fusion platform. The target lesions are volume-rendered, 
while the lines show the biopsy needle positions. The cen- 
ter of the biopsy needle where the cores were obtained is 


technique to register MRI to TRUS images leads 
to a targeted sampling of the most suspicious PCa 
foci and thus improves yields for csPCa and risk 
stratification of PCa. In a head-to-head compari- 
son of TRUS bx and Urostation MRUS-Fbx in 582 
men, Siddiqui et al. found that adding MRUS-Fbx 
to TRUS bx yielded a 67% increase in the detec- 
tion of high-grade (GS > 4 + 3) PCa and upgraded 
GS in 32% of men compared to systematic TRUS 
bx alone [22]. Wu et al. were the first to perform 


timm 10mm Smm 6mm 4mm 
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f3 


30% 20% 10% O% 


2mm 0mm 


indicated by blue and purple dots, while the green dots 
represent the location of the acquired systematic biopsy 
sites. (Image courtesy of Leonard S. Marks, MD, Clark 
Urology Center, UCLA) 


a meta-analysis on all MRUS-Fbx studies dating 
prior to August 2015 [29]. In their study of 3105 
individuals from 16 paired cohort studies, MRUS 
fusion biopsy detected more csPCa (RR: 1.19, 
P < 0.05) and less clinically insignificant cancers 
(RR: 0.68, P < 0.01), compared to systematic 
TRUS bx. In addition, significantly higher core 
positivity percentage was achieved by MRUS- 
Fbx compared to TRUS bx (26.6% vs. 10.2%, 
RR: 2.75, P < 0.01). 
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Fig. 10.4 Operator view while performing MRUS fusion 
biopsy using Urostation (Koelis) platform. The grid plan- 
ning and the operator view in transrectal and transperineal 


Eliminating the TRUS bx remains some- 
what controversial despite the high negative 
predictive value of multiparametric prostate 
MRI. Some investigators have suggested com- 
bining systematic and targeted biopsies would 
result in enhanced detection of prostate can- 
cer. PAIREDCAP, a paired cohort study [30], 
which recruited 300 biopsy-naive men to 
undergo three sets of biopsy at the same setting 
including systematic, MRUS-Fbx (Artemis) 
and MRUS-Cbx, reported detection of csPCa 
ranging from 15% in MR-negative to 70% in 
MR-positive individuals. 

MRUS-PFbx has been shown to improve selec- 
tion of patients for active surveillance (AS). 
In a study of 113 AS patients, an mpMRI and 
MRUS-Fbx resulted in reclassification of the dis- 
ease grade in 36% of patients [31]. As many as 
21% of all PCa lesions are found in the anterior 
region of the prostate gland which are usually 
more challenging and often missed in physical 


biopsy approaches are shown. (Adapted and reprinted 
with permission from Koelis Academy. 


[28]) 


examination and systematic TRUS bx. Puech 
et al. found twice as many csPCa detection in 
anterior of prostate gland by MRUS-Fbx, com- 
pared to systematic TRUS bx [32]. Volkin et al. 
performed 12-core systematic TRUS biopsy and 
MRUS-FBx in all 241 suspected anterior lesions 
on prostate mpMRI and found that overall 50.2% 
(121/241) of targets were positive for PCa, of 
which 62 (25.7%) were positive on systematic 
TRUS biopsy, while 97 (40.2%) were positive 
on MRUS-FBx. (P: 0.001) [3]. Overall, 59 PCa 
lesions (48.7%) would have been missed on 
systematic TRUS bx alone, of which 34 were 
GS > 3 +4. 

The quality of the MRUS-Fbx of prostate 
and the final outcome depends on several impor- 
tant steps including optimal MRI acquisition, 
MRI interpretation by an experienced radiolo- 
gist, standard sweep ultrasound of the prostate 
to construct a 3D prostate volume, fusion plat- 
form accuracy, and the expertise of the physician 
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performing the fusion biopsy [33]. Structured 
training of the new users in tertiary centers and 
courses at international meeting are encouraged 
to ensure the quality of the procedure. 


10.3 Cognitive MR-Guided Biopsy 
of Prostate 


Cognitive or so-called visual MRUS biopsy 
is the simplest method for targeted biopsy of 
prostate, as it does not require the sophisti- 
cated equipment required for MRUS-FBx and 
IBMR-Bx. In MRUS-Cbx, the operator reviews 
the pre-acquired MRI data prior and mentally 
registers the PIRADS score 3-5 targets to their 
approximate location on US (apex, midgland 
or base, anterior or posterior, transitional or 
peripheral gland). The registered MRUS-Cbx 
target is usually a hypoechoic nodule or an area 
with some degree of contrast to the surrounding 
tissue; however, the visualized target on MRI 
might not be simply recognized on MRUS-Cbx 
in some individuals [34]. Current evidence sug- 
gest that this visual-targeted technique detects a 
higher number of PCa lesions, compared to sys- 
tematic TRUS bx [35]. This technique, however, 
is highly dependent in the operator expertise, 
without any tracking or guidance system, mak- 
ing it highly susceptible to human error. Overall, 
studies have not shown a definite superiority 
for MRUS-Fbx over MRUS-Cbx for detection 
of csPCa, although some studies have shown 
a trend toward improved PCa detection with 
MRUS-Fbx comparted to MRUS-Cbx. A study 
of 50 individuals who underwent MRUS-Cbx 
and MRUS-Fbx showed that the detection rate of 
csPCa was slightly but not significantly higher 
for MRUS-Fbx (52% vs. 43% at target level, 
p: 0.24) [36]. In a cohort of 231 patients who 
underwent either MRUS-Fbx or MRUS-Cbx, 
Oberlin et al. showed that MRUS-Fbx detected 
significantly more lesions (48% vs. 35%, 
p:0.04), with a nonsignificant increased rate of 
csPCa (61.5% vs. 48%, p:0.07) [37]. In contrast, 
in an analysis of a cohort of 391 individuals, 
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both elastic and rigid fusion-targeted techniques 
were superior to MRUS-Cbx for detection of 
high-grade PCa [38]. Overall, MRUS cognitive 
biopsy is the cheapest MR-guided biopsy tech- 
nique and is the most compatible method for 
performing prostate biopsy in an office setting. 
As with other MR-targeted techniques, the qual- 
ity of communication between the radiologist 
who interpreted the MRI and the one who per- 
forms the biopsy would increase the accuracy of 
this technique [34]. 


10.4 In-Bore MR-Guided Biopsy 


of Prostate 


Direct in-bore MR-guided biopsy (IBMR-Bx) 
of prostate allows within-gantry sampling of 
prostate. This technique has several advantages. 
First, MR images are acquired during biopsy 
with T2- and diffusion-weighted imaging to 
ensure that the previously noted findings are 
reproducible. Occasionally sampling may be 
obviated if MR findings of prostatitis resolve. 
Second, it is the only technique that ensures MR 
confirmation of the needle within an MR target. 
All other techniques are based on approxima- 
tions. Third, IBMR-Bx usually requires less 
obtained cores for diagnosis of PCa since overs- 
ampling is not required for diagnosis. Finally, 
IBMR-Bx is versatile and may be performed 
via TR, TP, or TG routes. Relative drawbacks 
of the technique include its limited availability 
relative to MRUS fusion or MRUS cognitive 
biopsies. Second, the procedure may be more 
time-consuming at some centers with a median 
procedure time of 25-68 min. Third, it may be 
more costly than MRUS-Fbx or MRUS-Cbx. 
This technique requires obtaining and inter- 
preting mpMRI images before biopsy plan- 
ning to identify suspicious targets as with other 
MR-guided biopsy techniques. IBMR-Bx may be 
performed with an open- or closed-bore scanner 
with a commercially available MR-compatible 
biopsy device (DynaTRIM,  Philips-InVivo, 
Gainesville, Fl). Biopsy localization DynaCAD 
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software is used to identify the target and guide 
adjustment of the biopsy device in three planes 
to accurately place the needle within the lesion. 
On the day of the procedure, patients are placed 
in prone position in the scanner table, and 
T2-weighted and DWI sequences are performed 
to localize the lesion (10-12 min) and transfer 
this data to the DynaCAD workstation to enable 
lesion localization for biopsy coordinates (5 min). 
Individual targets are selected on the workstation 
with three unique coordinates for each target in 
anteroposterior, left-to-right, and craniocaudal 
directions. These coordinates are then adjusted in 
the biopsy device to keep the proper alignment 
between the needle guide and the target. After 
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obtaining the appropriate coordinates, the biopsy 
device with the needle guide is adjusted accord- 
ingly, and then a repeat T2-weighted sequence 
is acquired to confirm appropriate needle guide 
placement, followed by further manual adjust- 
ments of the needle guide as necessary, to allow 
lesion sampling and sampling of additional tar- 
gets (15-30 min). During the procedure, patients 
may move in and out of the gantry several times 
to confirm needle position within targets and for 
confirmation of the additional targets. The cycle 
is repeated to ensure the needle guide orientation 
toward the desired target (Fig. 10.5). In addition, 
after obtaining biopsy cores, another confirma- 
tory MR image is acquired. An MR-compatible 


Fig. 10.5 DynaTRIM device (InVivo-Philips, Gainesville, 
Fl) for performing in-bore MR-guided biopsy of prostate. 
The workstation allows localization of the target during 
biopsy procedure (a), with target coordinations, adjusted 
on the dial (arrowhead on b) and finally biopsy needle 


position confirmation within the desired target (Arrow on 
c). (Adapted and reprinted from Tan et al. [41], with per- 
mission from Radiological Society of North America 
(RSNA)) 
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robotic devices have also been be developed and 
undergone US FDA clearance to assist this pro- 
cedure [39]. 

The procedure might be carried out through 
TR, TP, and TG approaches using intravenous 
conscious sedation (with midazolam and fen- 
tanyl) with the TR route being the most com- 
monly used. The TP route allows a freehand use 
of the needle and carries a much lower risk of 
sepsis and rectal bleeding, compared to TR route, 
as discussed earlier. A TP approach, moreover, 
is helpful in individuals with history of previous 
rectal surgery, anal stricture, or perianal disease. 
A TG route is used in patients with a surgically 
resected rectum or with anal stricture and may 
better access to prostate apex. 

Overall, in-bore MR-guided biopsy is a safe 
procedure with rare occurrence of serious com- 
plications. Transient hematuria and short-term 
rectal bleeding may occur in 1—4% of patients. 
Urinary retention and urosepsis may also occur 
in up to 2% of patients [40]. 


10.4.1 Current Opinions on In-Bore 
MR-Guided Biopsy 


In single and multicenter series, IBMR-Bx has 
detected significantly more csPCa along with 
a significantly less low-grade PCa compared to 
systematic TRUS bx with a higher core posi- 
tivity rate compared to all other targeted tech- 
niques. Application of mpMRI and IBMR-Bx 
of MR-positive lesions can reduce the need for 
biopsy up to 51% [42]. A systematic review on 
ten studies dating since 2013 found median PCa 
and csPCa detection rate of 42% and 81-93%, 
respectively, for IBMR-Bx [40]. In an update on 
the review of 23 IBMR-Bx cohorts dated back 
to mid-2018 [43], csPCa detection rate was 
63% among 2632 individuals, much higher than 
PCa and csPCa detection rates of 30-50% and 
10-40% for systematic TRUS bx [44]. In a head- 
to-head comparative study, van der Leest et al. 
[45] examined the efficacy of MRI with subse- 
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quent MR-guided biopsy against TRUS bx for the 
diagnosis of prostate cancer in 626 biopsy-naive 
men. They found that the MRI pathway leads to 
avoidance of biopsy in half of individuals, 11% 
reduction in the number of clinically insignificant 
PCa and 89% less biopsy cores for diagnosis of 
PCa. Hambrock et al. also reported that IBMR-Bx 
cores predicted final Gleason grade at RP in 88% 
of individuals, much higher than the 55% RP cor- 
relation rate of 10-core TRUS bx [46]. 

The role of IBMR-Bx for the detection of 
csPCa has been reported in three distinct popula- 
tions including: 


1. Biopsy-naive individuals with high suspicion 
of PCa 

2. Individuals with high suspicion of csPCa 
despite a history of prior negative TRUS- 
guided biopsy 

3. Individuals with known low-grade PCa under 
active surveillance 


Current guidelines recommend perform- 
ing mpMRI when suspicion for PCa remains 
high after a negative systematic TRUS biopsy, 
followed by MR-targeted biopsy of the suspi- 
cious lesions. A single study of patients with 
elevated PSA and repeat negative TRUS biopsy 
found PCa detection rate of 59% by IBMR-Bx. 
The results showed a significantly better per- 
formance for IBMR-Bx over TRUS bx for PCa 
detection of except in individuals with very 
high suspicion (PSA > 20 ng/ml, prostate vol- 
ume > 65 cc, PSAD<0.15, or > 0.5015-0.5 ng/ 
ml/cc), in whom the yield of both techniques 
was comparable [47]. Pokorny et al. reported 
the PCa and csPCa detection rate of 60% and 
81% in individuals with prior negative prostate 
biopsy [43]. In one of the largest multicenter 
IBMR-Bx series of 461 patients to date, Felker 
et al. [4] reported a PCa and csPCa detection 
rate of 51% and 65%, suggesting that both 
biopsy-naive patients and patients with his- 
tory of negative TRUS bx can benefit from 
IBMR-Bx. Felker et al. also found that Gleason 
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Fig. 10.6 Multiparametric MRI (using a 3-Tesla scan- 
ner) of a 65-year-old man with suspicious rise in PSA 
despite having a negative TRUS bx 6 months ago shows a 
moderately hypointense lesion on T2-weighted image (a) 
with obscured margins, located in anterior transitional 
zone. Marked signal hypointensity (407 mic?/s) is noted 
on ADC image (b). Early and intense focal enhancement 


grade was upgraded in 49% of patients under 
AS. Moreover, they reconfirmed that PIRADS 
assessment categories of 3, 4, and 5 correlated 
with csPCa detection rates of 10%, 43%, and 
84%, respectively. Another large single-center 
IBMR-Bx on 475 targets in 379 individu- 
als found an overall PCa of 69.1% and csPCa 
detection rate of 36.8%, 52.8%, and 50.7% 
in prior negative TRUS bx patients, biopsy- 
naive patients, and active surveillance patients. 
PIRADSv2.1 score significantly correlated with 
PCa and csPCa detection (OR: 3.97 and 1.41, 
respectively) (Figs. 10.6, 10.7, and 10.8). 

The yield of IBMR-Bx for PCa and csPCa has 
been similar in both transition (TZ) and periph- 
eral (PZ) zone targets [41, 48]. This is in contrast 
with TRUS-bx results, in which 70% of positive 


and washout was seen on dynamic contrast-enhanced 
images, shown as increased exchange constant in pharma- 
cokinetic map for K-trans (c). Overall PIRADS v2.1 score 
of 5/5 was assigned. In-bore transrectal MRGB (d, e, f) 
was performed with the specimen showing clinically sig- 
nificant PCa (GS: 4 + 3) 


lesions come from PZ. The anterior and tran- 
sitional zones are not sampled in a systematic 
12-core TRUS bx, and PCa in these areas is more 
likely to be undetected on TRUS bx. 


10.5 IBMR-Bx vs. MRUS-Fbx 

Both IBMR-Bx biopsy and MRUS-Fbx have 
higher spatial resolution and have the notable 
advantage of documenting the target location 
before biopsy, compared to systematic TRUS bx. 
Both techniques are safe and have similar compli- 
cation rate to TRUS bx. Both techniques require 
extra training of the operator (e.g., radiologist, 
urologist) and staff. Detection rates of PCa and 
csPCa by targeted techniques have been shown to 
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Fig. 10.7 Multiparametric MRI and IBMR-Bx using a 
3-Tesla scanner in a 71-year-old biopsy-naive patient with 
PSA of 8.2. The arrow points to an oval and markedly 
hypointense lesion with obscured margins at TSE 
T2-weighted image (a) with moderate restricted diffusion 


be directly influenced by the operator experience. 
IBMR-Bx, however, is less dependent to operator 
experience with a small increase in PCa yield and 
the obtained cancer core length and also a signifi- 
cant decrease in biopsy time from first to second 
year [49]. In contrast, MRUS-Fbx has a steep 
learning curve with improved PCa detection 
rate over time. In a study of 340 individuals who 
underwent transperineal MRUS-Fbx, the PCa 
detection rate increased from 27% to 63% over 
22 months [50]. IBMR-Bx allows concurrent and 
direct visualization of the suspicious target and 
the needle guide in MRI with fewer biopsy cores 
required for the definite diagnosis. However, 
drawbacks of IBMR-Bx compared to MRUS-Fbx 


(b) in left posterolateral peripheral zone in midgland pros- 
tate. Overall PIRADS V2.1 score was 4/5. Patient under- 
went IBMR-Bx (c, d), and four core biopsies were 
obtained. Pathology assessment of the specimen revealed 
prostate cancer with Gleason score of 3 + 4 


include its relatively higher expense and time and 
relatively less widespread availability. 

A systematic review of 11 IBMR-Bx, 17 
MRUS-Fbx, and 11 MRUS-Cbx and 4 com- 
bined MR-targeted biopsy studies showed a sig- 
nificantly higher detection rate of csPCa (RR: 
1.16) and a significantly lower detection rate of 
clinically insignificant cancer (RR:0.47) with 
MR-targeted methods over TRUS bx. The review 
did not detect any significant difference between 
three MR-targeted techniques for the detection of 
csPCa [10]. 

In the FUTURE study, a multicenter ran- 
domized controlled trial of 665 men with sus- 
pected PCa and prior negative systematic biopsy 
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Fig. 10.8 Multiparametric MRI and in-gantry MRGB 
using a 3-Tesla scanner in a 62-year-old patient with ris- 
ing PSA and prior negative TRUS bx. Axial TSE 
T2-weighted image (a) showed a suspicious oval, mildly 
hypointense lesion (arrow) with blurred margins in left 
anterior transition zone of prostate with moderate 


(<4 year) compared three MR-targeted tech- 
niques: MRUS-Fbx, MRUS-Cbx, and IBMR-Bx. 
The study reported no significant difference was 
found between three subcohorts in the detec- 
tion rate of prostate cancer (MRUS-Fbx, 49.4%; 
MRUS-Cbx, 43.6%; IBMR-Bx, 54.5%; p, 0.4) 
and clinically significant prostate cancer (MRUS- 
Fbx, 34.2%; MRUS-Cbx, 33.3%; IBMR-Bx, 
32.5%; P > 0.9); however, core positivity rate 
was significantly higher by the IBMR bx tech- 
nique (IBMR-Bx, 47.7%; MRUS-Cbx, 33.3%; 
MRUS-Fbx, 31.3%) [51]. Another prospective 
trial also did not find any significant difference 


restricted diffusion (b). PIRADS v2.1 score of 3/5 was 
assigned, and IBMR-Bx of prostate was performed. An 
MR-compatible, 18-gauge needle was introduced through 
a needle guide, and 6-core needle biopsies were obtained 
from the target (c, d). Pathology of the specimen yielded 
benign lesion 


in clinically significant prostate cancer detec- 
tion rate between combined TRUS- MRUS-Fbx 
and IBMR-Bx [52]. In contrast, a study by Costa 
et al. [53] found significantly higher detection 
of csPCa by IBMR-Bx compared to MRUS-Fbx 
(61% vs. 47%, p < 0.0001) and significantly 
lower detection of insignificant PCa by in-bore 
technique compared to the fusion technique 
(11% vs. 18%, P:0.001). 

It is noteworthy that systematic reviews of 
studies on MR-targeted biopsies are usually lim- 
ited by several factors. First, by heterogeneous 
population of patients undergoing MR-targeted 
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biopsy, as there are no clear criteria for per- 
forming MR-targeted biopsy. The European 
Association of Urology suggests that in patients 
with high clinical suspicion of PCa who need 
a repeat biopsy, mpMRI should be considered 
with subsequent MR-targeted biopsy if mpMRI 
is positive (PIRADS category 3 and higher). 
Second, the definition of clinically significant 
prostate cancer varies widely between published 
studies on MR-targeted biopsy. Third, there are 
variations in the number of obtained cores and 
the preferred technical aspects. 

As there is no general consensus on the pre- 
ferred MR-targeted method, the optimal biopsy 
technique should be decided on a per-patient 
basis and based on the availability of the systems 
and expertise of the staff. 


10.6 Cost-Effectiveness 
of MR-Targeted Biopsy 
Strategies 


Both MRUS-Fbx and IBMR-Bx have higher ini- 
tial procedure costs, in comparison with TRUS 
biopsy; however, both targeted techniques have 
the beneficial sensitivity of multiparametric MRI 
to detect clinically significant cancers. Therefore, 
MkR-targeted prostate biopsy methods are cost- 
effective compared to TRUS bx of prostate, when 
considering the higher health benefits and the 
overall lifetime expenses. The use of mpMRI 
as a screening test before biopsy can avoid the 
financial burden of unnecessary and repeat biop- 
sies and ultimately unnecessary treatment [20]. 
In a decision-tree model in biopsy-naive men in 
the United States, Pahwa et al. found that the use 
of mpMRI of prostate followed by MR-guided 
biopsy of suspicious foci to detect csPCa is 
cost-effective compared to the standard TRUS 
bx, when the endpoint was quality-adjusted life- 
year. IBMR-Bx of MR-positive lesions had the 
maximum net health benefits compared to sys- 
tematic TRUS bx and MRUS-Cbx [54]. A study 
of prostate biopsy cost-effectiveness in a Dutch 
healthcare setting showed that MRUS-Fbx of 
MR-positive targets is more cost-effective than 
systematic TRUS bx. IBMR-Bx may be the most 
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cost-effective method if it has a sensitivity of 
89% for detection of csPCa [55]. 


10.7 Future Directions 


When there is suspicion of prostate cancer, sys- 
tematic TRUS bx remains the standard of care, 
due to its wide availability, relatively low costs, 
and ease of use in outpatient setting by urolo- 
gists. Nevertheless, the future for MR-targeted 
biopsy is very promising. Several studies have 
proposed using multiparametric MRI over TRUS 
bx as the initial screening in patients with abnor- 
mal PSA or DRE. Furthermore, there is growing 
use of multiparametric MRI for the identification 
of suspicious lesions in patients with negative 
TRUS bx and in those with known low-grade 
PCa qualified for active surveillance protocol. 
Currently, there is little consensus over the pre- 
ferred method of MR-targeted prostate sam- 
pling. Appropriate indications for application of 
each technique need to be determined. Overall, 
MRUS-PFbx and IBMR-Bx have been shown to be 
significantly more effective for detection of clini- 
cally significant PCa with each technique having 
its own advantage and disadvantage; hence the 
preferred method needs to be chosen per-patient 
basis, considering the availability, experience of 
the operators, and patient profile. 
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Prostate MRI from Radiation 
Oncology Perspective 


Gordon Guo 


11.1 Introduction 

Multiparametric MRI (mp-MRI), compared 
with computed tomography (CT), significantly 
improves diagnostic accuracy in extraprostatic 
extension (EPE) and seminal vesicle invasion 
(SVI). The latest prostate cancer staging com- 
bines anatomical (TMN staging), Gleason score, 
and prostate-specific antigen (PSA) level. 

While the optimal treatment for high-risk 
prostate cancer is debatable between surgery 
and radiation, contemporary studies prefer 
multi-modality treatment, and the decision is 
generally made based upon staging and patient 
preference. 

Anatomic staging plays a central role in 
treatment decision-making. Clinical T3 dis- 
ease by digital rectal exam has been challeng- 
ing for urological surgeons due to higher risk 
of positive surgical margins and increased 
morbidity from aggressive prostate resections. 
MRI-visible T3 disease has an intermediate 
prognosis between organ-confined disease and 
palpable T3 disease [1]. 

There are multiple radiation-based treatment 
modalities for prostate cancer across virtually 
all stages. For low and favorable intermediate 
risk disease (NCCN guideline), radiation alone 
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is sufficient. Endorectal coil MRI and combined 
endorectal MRI-MR spectroscopy can contrib- 
ute significant incremental value to staging 
nomograms in predicting organ-confined pros- 
tate cancer [2]. For unfavorable intermediate- 
risk and high-risk disease, addition of androgen 
deprivation therapy (ADT) improves all pros- 
tate cancer-associated clinical end points. 
Mp-MRI can change local tumor staging (T 
stage) in 20-25% of cases [3, 4]. MRI-visible 
EPE and/or SVI represent clinical T3 disease, 
which is high risk by definition. Patients with 
such unfavorable features have aggressive 
tumor biology and significant risk of regional 
nodal metastases. Conventionally dosed radia- 
tion alone is associated with 50-60% clinical 
failure in 8-10 years. Radiation dose escala- 
tion and hormonal therapy have been shown to 
improve outcome [5-7]. 

There are three types of radiation dose esca- 
lation to primary disease in prostate gland 
and seminal vesicle. External beam radiation 
therapy (EBRT) by intensity-modulated radio- 
therapy (IMRT) modern delivery technique 
can safely raise radiation dose to 78-80 Gy. 
Brachytherapy is the ultimate dose escalation 
whereby either a low-dose-rate source such 
as iodine-125 or a high-dose-rate source such 
as iridium-192 is placed surgically inside the 
prostate gland. Prostate brachytherapy can help 
deliver over 90 Gy in 2 Gy equivalent to the 
prostate gland and even higher doses to the 
intraprostatic gross disease. Stereotactic body 
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radiotherapy (SBRT) is a form of highly pre- 
cise radiation treatment that can deliver much 
high doses per fraction than IMRT. SBRT as 
monotherapy has been shown to achieve simi- 
lar results to IMRT. SBRT as a boost to prostate 
is actively being investigated, and preliminary 
results are promising. 


11.2 Radiation Dose Painting via 
IMRT, Brachytherapy, or 
SBRT 


Multiparametric MRI has excellent sensitiv- 
ity and specificity in identifying extracapsular 
extension (EPE) and seminal vesicle inva- 
sion (SVI). Therefore a pre-treatment MRI 
improves staging accuracy and helps radiation 
oncologists make the optimal treatment recom- 
mendations to patients. MR imaging combines 
anatomical (T2W) with functional and physi- 
ological assessment such as DCE, DWI, and 
ADC. Value of these imaging techniques has 
been discussed at other chapters and will not be 
discussed here. 

Dominant intraprostatic lesion (DIL) is 
defined by the mp-MRI. There is linear dose- 
response relationship between dose to DIL and 
biochemical relapse-free survival [8]. Dose 
escalation to DIL can be achieved with brachy- 
therapy [9], SBRT [10], or intensity-modulated 
radiotherapy with simultaneously integrated 
boost (SIB) [11]. While most reported accept- 
able toxicity profile using different types of dose 
escalation, brachytherapy techniques, especially 
HDR, were superior in terms of normal tissues 
sparing [12]. A 74-year-old man with unfavor- 
able intermediate risk prostate cancer, Gleason 
score 4 + 3 disease from left posterior mid gland. 
MRI revealed DIL in the left posterior lateral 
gland with broad contact against capsule. Patient 
underwent Palladium 103 seeds implant and 
supplemental EBRT to the pelvis. DIL received 
higher dose from seeds as shown in post-implant 
CT scan (Fig. 11.1). 
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Fig. 11.1 A 74-year-old man was diagnosed with low- 
volume Gleason 7 prostate cancer on biopsy. (a) MRI 
revealed a left posterior lesion in broad contact with pros- 
tatic capsule (arrow). Given risk of microscopic extrapros- 
tatic disease, he was treated with Pd-103 seed implant 
plus complementary EBRT. (b) PIRADS 4 lesion in the 
same patient received focal boost with radiotherapy seeds 


11.3 MRI-Guided Focal Dose 
Painting with Brachytherapy 
and IMRT/SBRT 


Dose optimization by inverse planning can create 
dose heterogeneity. Radiation oncologists need 
to accurately delineate location of intraprostatic 
tumor location to fully take advantage of this dose 
painting capability. PIRADS 4 and 5 lesions on 
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mp-MRI correlate strongly with clinically signifi- 
cant cancer. In EBRT, T2W MR images are fused 
with CT simulation images to allow radiation 
oncologists to contour tumor foci. In brachyther- 
apy, radiation plans are usually based on transrec- 
tal ultrasound images. MR images are overlaid 
with live ultrasound images through deformable 
registration to guide focal dose escalation. 


11.4 MRI-Fusion Biopsy in Radio- 
Recurrent Prostate Cancer 
and MRI-Guided Salvage 
HDR Brachytherapy 


After definitive EBRT, 20-30% of patients will 
experience local recurrence. Many of these 
patients have systemic disease at the time of 
biochemical failure, but some have true local 
treatment failure. PSA < 10, PSA doubling 
time > 6 months, and Gleason score < 7 gener- 
ally suggest local only radio-recurrent disease 
[13]. With proper patient selection, salvage HDR 
brachytherapy can achieve excellent biochemical 
control and clinical progression-free survival. 

Patients who are suspected of radio-recurrent 
disease should have MRI-fusion-targeted biopsy 
to have pathological confirmation and _ restag- 
ing CT scans, whole body bone scans, and, if 
available, PET/CT or PET/MRI scans utilizing 
prostate-specific isotopes such as choline, fluclo- 
vine, or PSMA to rule out metastases. Mp-MRI 
can help delineate intraprostatic tumor foci, which 
can be boosted to higher dose during HDR brachy- 
therapy. Whole gland HDR salvage brachytherapy 
has shown excellent biochemical progression-free 
survival and metastases-free survival with accept- 
able urinary and bowel toxicities [14]. In order to 
further reduce morbidity, focal HDR salvage ther- 
apy has been tested in a prospective Phase II trial, 
and early results are promising. 

Deformable registration between MRI and 
ultrasound images can help radiation oncolo- 
gists identify intraprostatic foci that most likely 
contain gross tumor. Such areas can be focally 
boosted with HDR or LDR brachytherapy. 
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Mp-MRI can be a useful tool for tumor 
localization in focal salvage therapy. However, 
postradiation changes complicate image inter- 
pretation. A recent study suggested that quan- 
titative analysis of certain mp-MRI sequences 
together with location information resulted in 
optimal distinction between tumor and benign 
voxels [15]. 

Local recurrences after radiotherapy are dose- 
dependent and predominantly occur in the DIL 
[16]. Clinically significant tumor foci can be 
reliably detected on both pre-RT and post-RT 
MRI. They displayed strikingly similar appear- 
ances between pre-RT, post-RT, and step-section 
pathology. Ratios between tumor volume on 
pathology and post-RT MRI can range between 
0.52 and 2.8; therefore post-RT MRI may under- 
estimate the extent of radio-recurrent prostate 
cancer [16]. 

A 66-year-old man received EBRT only for 
a low-volume Gleason score 3 + 4, favorable 
intermediate-risk prostate cancer 5 years ago. 
PSA increased to 8; restaging CT and bone scans 
did not show evidence of metastases. MRI-fusion 
biopsy revealed Gleason score 4 + 5 radio- 
recurrent tumor in the left apex. He was treated 
with HDR brachytherapy which was local sal- 
vage therapy, 21 Gy in 2 fractions to the whole 
gland, and 27 Gy in 2 fractions to MRI-avid DIL 
as shown in Fig. (11.2). PSA declined to 0.1 2 
years after treatment. 


11.5 T2-Weighted MRI and CT 
Image Fusion in Treatment 
Planning and Posttreatment 
Dosimetric Evaluation 


The four common indications of T2W/CT image 
fusion are: 


e SpaceOAR rectal spacer 

e Pre-radiation planning to improve target 
delineation 

e Post-radioactive seed implant dosimetry 

e MRI-LINAC 
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Fig. 11.2 A 66-year-old man received EBRT for low- 
volume Gleason 7, favorable intermediate risk prostate 
cancer 5 years ago. PSA subsequently increased to 8. 
Patient underwent MRI evaluation. (a) Loss of T2 signal 


11.5.1 SpaceOAR Rectal Spacer 


The SpaceOAR system is a FDA-approved 
hydrogel indicated to create separation between 
prostate and anterior rectal wall. The hydrogel is 
injected through the perineum under ultrasound 
guidance, as shown in the schematic diagram 
(Fig. 11.3). 

Spacer application is well tolerated with a 
99% technical success rate. The mean addi- 
tional space created by SpaceOAR hydrogel is 
just over 1 cm. The hydrogel material remains 
stable for at least 3 months to allow radiotherapy 


abnormalities after radiation. (b) DCE and ADC images 
localized a PRIADS 4 left posterior lesion. (c) Targeted 
biopsy revealed Gleason 4 + 5 prostate adenocarcinoma. 
(d) MRI-guided HDR focal boost to left posterior lesion 


delivery, then liquefies, absorbed and clears by 
renal filtration. Multiple phase 2 and 3 clinical 
trials have demonstrated that spacer application 
significantly reduces rectal radiation dose and 
results in significantly lower late rectal toxicity 
and improvements in bowel, urinary, and sexual 
QOL (Fig. 11.4). 

The hydrogel material appears hyperintense 
on T2-weighted images. A non-contrast MRI is 
typically performed at least 1 week after injec- 
tion to allow trapped air to dissipate. The MRI 
images are then fused with CT simulation images 
for treatment planning (Fig. 11.5). 
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Fig. 11.3 Transperineal placement of biodegradable SpaceOAR hydrogel under ultrasound guidance. Image used with 
permission from Boston Scientific Corporation 


Fig. 11.4 T2W images show SpaceOAR hydrogel (bright signal) placed to create separate between prostate and ante- 
rior rectum (a) at the level of prostate apex and (b) at the level of mid gland 


11.5.2 Pre-radiation Planning 
Improves Target Delineation 


MRI-based prostate radiotherapy planning is 
superior to CT-based planning because impor- 
tant landmarks such as bladder neck and pros- 
tate apex can be readily delineated on MRI 
images. Radiation can be more precisely 
focused on prostate while minimizing dose to 


important organs at risk such as bladder and 
penile bulb (Fig. 11.6). 


11.5.3 Post-radioactive Seed Implant 
Dosimetry 


After permanent radioactive seed implant, 
T2-weighted MRI images can be fused with CT 
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Fig. 11.5 SpaceOAR hydrogel reduces radiation to rec- 
tum by creating separation between prostate and rectum. 
(a) Hydrogel has similar density to soft tissue on simula- 
tion CT image. (b) Hydrogel is hyperintense on T2W 
images. CT simulation and T2W MR images are fused to 


help radiation oncologist contour target (orange). After a 
5 mm posterior expansion to account for set up uncer- 
tainty, the planned target volume (PTV) does not spill 
over into the rectum 


Fig. 11.6 Target delineation on CT-MRI fusion technique. (a) Prostate and proximal seminal vesicles are contoured on 
CT. (b) Prostate apex and penile bulb are visualized on sagittal T2W MR image 


images to better delineate prostate gland, seminal 
vesicles, urethra, and rectum. Organs of interest 
are contoured on T2W images; dose map is gener- 
ated on CT images; CT/MRI fusion creates accu- 


rate dosimetry and allows the radiation oncologist 
to review quality of implant. EBRT or additional 
seeds can make up for areas that were not ade- 
quately covered by initial implant (Fig. ). 


11 Prostate MRI from Radiation Oncology Perspective 


153 


Fig. 11.7 CT and T2W MR images overlaid to create post-implant dosimetry. (a) Dose color wash. Seeds have metal 
coating that makes them radiopaque. (b) MRI provides better soft tissue differentiation. (c) CT/T2W fusion 


11.5.4 MRI-LINAC 


More recently, newer generation of linear accel- 
erator (LINAC) is equipped with MR unit named 
MRI-LINAC which is being used for radiation 
treatment guidance. Compared to X-ray image 
guidance, MR-LINAC reduces uncertainty in 


target delineation and minimizes dose to normal 
organs at risk. When MR images demonstrate 
anatomic deviation, radiation plan can be adapted 
based on real-time soft tissue anatomy, allowing 
the most precise dose delivery. 

The “Unity” MR-LINAC by Elekta uses a 
1.5 T magnet. It has the ability to react to change 


154 

in target shape and/or location, giving physician 
the ability to adapt radiation plan to patient’s 
real-time anatomy. A handful of radiation cen- 
ters in the USA and Europe have started using 
MR-LINAC, and it is expected to become more 
common in the near future. 
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12.1 Introduction 

Multi-parametric magnetic resonance imaging 
(mpMRI) is the preferred technique for detection 
and staging of prostate cancer due to its multi- 
planar anatomical imaging and excellent soft 
tissue contrast [1, 2]. Prostate mpMRI plays an 
important role in evaluation and follow-up after 
prostate cancer therapy. Traditional prostate can- 
cer treatments include radical prostatectomy 
(RP) or radiation therapy (RT), which incorpo- 
rates brachytherapy or external beam radiation 
therapy (EBRT). In men with localized prostate 
cancer, RP is the preferred technique; RT is 
favored in elder patients or patients that are not 
eligible for surgery with low- to high-risk pros- 
tate cancer [3, 4]. After prostate cancer treatment, 
mpMRI is being used to differentiate between the 
failure of therapy and post-treatment changes [5]. 
Despite improved management approaches, the 
disease still recurs in up to 40% of the patients 
that underwent definitive treatment [6, 7]. The 
location of recurrent disease may vary depending 
on the kind of treatment that was used. Patients 
who underwent whole gland prostate cancer 
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treatment are followed closely based on serum 
prostate-specific antigen (PSA) levels, as it is a 
sensitive marker for disease recurrence. The most 
important role of post-treatment MR imaging is 
to localize potential recurrent or residual disease 
so that active surveillance, salvage therapy, or 
systemic therapy can be promptly instituted. As 
minimally invasive treatment methods and novel 
management approaches emerge, the use of 
mpMRI in prostate cancer therapy is increasing 
[8]. These treatment options include cryotherapy, 
focal laser ablation (FLA), high-intensity focused 
ultrasound (HIFU), and irreversible electropora- 
tion (IRE). An understanding of the various treat- 
ment options available and the MR imaging 
features used for assessment of the prostate and 
pelvic region is essential for accurate post- 
treatment mpMRI evaluation and follow-up. 


12.2 Radical Prostatectomy 


The most used surgical prostate cancer treatment 
remains radical prostatectomy (RP), which is 
typically performed in cancers that are limited to 
the prostate gland (stage T1 or T2) [9]. Certain 
surgical approaches for RP include open, laparo- 
scopic, and robot-assisted procedures. However, 
there is still no consensus favoring one technique 
over another in specific situations [10]. A suc- 
cessful radical prostatectomy includes total 
removal of the prostate gland and, if necessary, 
along with the seminal vesicles and a varying 
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extended dissection of the pelvic lymph nodes for 
evaluation of potential metastasis [11]. 


12.2.1 MR Imaging Findings After 
Radical Prostatectomy 


Prostate mpMRI may help distinguish between 
local prostate cancer recurrence and distant meta- 
static disease. The functional components of a 
post-treatment mpMRI contribute to differentia- 
tion between recurrent disease, residual tissue, 
inflammatory tissue, and normal postoperative 
fibrosis and therefore play an important role in 
evaluating the postsurgical bed. T2-weighted 
(T2W) imaging is used for the anatomical orien- 
tation and evaluation of signal patterns. Diffusion- 
weighted imaging (DWI) may be useful for 
distinguishing tumor from inflammation or 
benign prostate tissue. The DWI can be degraded 
by artifacts if metallic clips were used during sur- 
gery. DCE imaging can be used for detecting 
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recurrent disease. In a normal postoperative DCE 
imaging, there should not be an early enhance- 
ment in the arterial phase; however, there should 
be some low-level enhancement of the surgical 
bed during the venous phase (Fig. 12.1). 

MR images following prostatectomy show a 
descended bladder and levator sling into the pros- 
tatectomy fossa [12]. The vesicourethral anasto- 
mosis is located inferior to the bladder neck and 
should appear as low-signal intensity on all 
sequences, which corresponds to postoperative 
fibrosis [11]. Secondary to edema, a hyperintense 
signal may be present at the prostatic fossa on the 
T2W images during the 6-week follow-up 
images. If the seminal vesicles can be preserved 
(in 20% of the patients), the MR imaging shows 
their characteristic tubular structure at its original 
location on TIW or T2W imaging. The retained 
seminal vesicles exhibit as intermediate to high 
intensity on T2W imaging, depending on the 
degree of postoperative fibrosis, with a restricted 
diffusion on DWI and early enhancement on 


Fig. 12.1 Image findings after radical prostatectomy. 
Multi-parametric MRI of a 66-year-old male with a serum 
PSA of 1.8 ng/mL. Patient underwent a radical prostatec- 
tomy in 2018 as treatment for a Gleason score 4 + 3 = 7 


prostate cancer. Eight months after the radical prostatec- 
tomy, the axial (a) and sagittal (b) T2W images show 
absence of the prostate and the descended bladder and 
levator sling into the prostatic fossa (white arrow) 
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DCE [13]. The signal patterns of fibrosis may dif- 
fer between patients, depending on the surgical 
approach that was used. Typical postsurgical 
fibrosis is characterized by minimal to no 
enhancement on DCE images during the venous 
phase and displays a low-signal intensity in all 
sequences [11]. Additionally, lymphoceles may 
appear 3-8 weeks after surgery at the locations of 
former lymph nodes. Lymphoceles show a low 
T1W and high T2W signal intensity and demon- 
strate no enhancement on DCE [12]. 


12.2.2 Features of Recurrence After 
Radical Prostatectomy 


Certain pre-surgical tumor characteristics, such 
as seminal vesicle invasion, extraprostatic exten- 
sion, lymph node invasion, increased tumor vol- 
ume, and positive surgical margins, increase the 
risk of recurrent disease. Normally, with a total 
removal of the prostate gland, serum PSA levels 
should be undetectable within 2—3 weeks after a 
successful RP. Any detectable serum PSA might 
indicate persistent or recurrent disease. Local 
recurrence of prostate cancer in patients that 
underwent RP may occur anywhere at the pros- 
tatic fossa; however, the most common site is the 
vesicourethral anastomosis [14]. Overall, the sig- 
nal patterns of recurrent prostate cancer on 
mpMRI are very similar to de novo prostate can- 
cer. It tends to occur as a soft tissue nodule with a 
hyperintense signal on T2W imaging and is 
isointense to the muscle on TIW imaging 
(Fig. 12.2). The recurrent disease will exhibit as 
hypointense on the ADC map and hyperintense 
on high b-value images. Prompt enhancement 
during the arterial phase followed by a quick 
washout during the venous phase on DCE images 
is highly suspicious for recurrence [15, 16]. 
However, it is often readily confused with a 
prominent periprostatic venous plexus. In con- 
trast, local recurrent disease appears as a rounded 
area with enhancement. DCE enhancement con- 
trasts sharply with the normal postsurgical low- 
level venous enhancement at the vesicourethral 
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anastomosis and therefore is the most important 
sequence in detection of recurrent disease after 
prostate cancer treatment [17]. 


12.3 Radiation Therapy 


Radiation therapy is the second most common 
radical treatment for stage | or 2 cancers that are 
limited to the prostate gland [18]. It is generally 
used in (elderly) men that are not eligible to sur- 
gery. To maximize the treatment efficacy, RT 
may be combined with neoadjuvant or adjuvant 
systemic (hormonal) therapy [19]. Normally, 
there remains benign prostate tissue after RT 
which complicates the interpretation of elevated 
serum PSA levels. Undetectable levels of serum 
PSA after treatment with RT are not achieved as 
quickly as with RP since it takes around 
18 months to achieve PSA nadir [20]. 


12.3.1 External Beam Radiation 
Therapy 


External beam radiation therapy (EBRT) involves 
the direction of external radiation through 
focused beams in order to destroy cancerous 
cells. It can be performed by delivering either 
photons or protons (proton beam therapy). Using 
advanced computer-based planning systems, 
EBRT allows precise targeted radiation therapy 
with a subsequently reduced dose exposed to 
healthy tissue. Ultrasound-guided placement of 
intraprostatic fiducials allows accurate treatment 
accuracy and is a standard of care in EBRT [21]. 
It is generally offered to patients with early diag- 
nosed prostate cancer. 

12.3.1.1 MR Imaging Findings After 
EBRT 

Both the prostate and seminal vesicles show a 
reduced volume and hypointense signal on TW2 
imaging after EBRT. Differentiation between 
peripheral, transition, and central zone is more 
difficult due to destruction of the normal cells 


Fig. 12.2 Recurrence after radical prostatectomy. Multi- 
parametric MRI of a 71-year-old male who underwent a 
radical prostatectomy in 2011 as treatment for a de novo 
lesion (Gleason score 3 + 4 = 7) at the left peripheral zone. 
After the radical prostatectomy, the serum PSA has 
dropped to 1.2 ng/mL but then risen to 4.3 ng/ 
mL. Follow-up imaging demonstrated a lesion in the left 
prostatic fossa that is highly suspicious for residual dis- 
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ease. It exhibits as a hyperintense signal on T2W imaging 
with diffusion restriction on DWI and focal enhancement 
on DCE-MRI (white circles). Pathology results showed a 
Gleason score 4 + 3 = 7 in 2 cores. (a) Axial T2W imag- 
ing; (b) axial DCE-MRI with minimal to no enhancement; 
(c) axial ADC map; (d) axial DWI with b = 1400 
(calculated) 
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and subsequent fibrosis (Fig. ) [22]. As a 
result, the prostate is less cellular and lacking 
vascularity, and therefore DWI and DCE charac- 
teristics are altered as well. The surrounding 
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structures appear different on post-EBRT imag- 
ing. The pelvic sidewall muscles may show 
increased signal intensity on T2W images, and 
bone marrow may appear relatively hypointense 


Fig. 12.3 Imaging findings after external beam radiation 
therapy. Multi-parametric MRI of a 66-year-old male with 
an initial serum PSA of 6.9 ng/mL. Patient underwent 
EBRT in 2013 as treatment for a Gleason score 3 + 4 =7 
lesion at the left peripheral zone. Follow-up imaging in 
2018 shows characteristic findings of post-radiation 


change, including gold markers (white arrows). (a) Axial 
T2W image shows the altered background signal of the 
prostate, with a diffuse low-signal intensity and loss of 
zonal distinction. (b) Axial DCE-MRI with minimal to no 
enhancement; (c) axial ADC map; (d) axial DWI with 
b = 1400 (calculated) 
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on fat-saturated TIW images due fatty replace- 
ment [23]. Other effects of EBRT may include 
prominence of the perirectal fascia and increased 
signal intensity of the bladder and rectal wall. 


12.3.1.2 Features of Recurrence After 
EBRT 

Recurrence of prostate cancer after treatment 

with EBRT usually occurs at the original tumor 

site [24]. It commonly emerges as a hypointense 


T2W signal nodule and often demonstrates cap- 
sular bulging as a result of increased growth rela- 
tive to the atrophic benign prostate gland [25]. 
Detection of recurrent disease after EBRT may 
be challenging on T2W imaging as it has notable 


Fig. 12.4 Recurrence after EBRT. Multi-parametric MRI 
of a 66-year-old male with an initial serum PSA of 6.9 ng/ 
mL. Patient underwent EBRT in 2013 as treatment for a 
de novo lesion (Gleason score 3 + 4 = 7) at the left periph- 
eral zone. During follow-up, the serum PSA has risen 
from 1.2 to 4.5 ng/mL, and MRI demonstrated a residual 
tumor at the left peripheral zone (white circles) and left 
seminal vesicle. (a) Axial T2W imaging of the prostate 
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limitations due to post-radiation changes, i.e., 
decreased background signal intensity [26]. The 
distinction between benign and tumor tissue is 
more difficult due to atrophy and fibrosis of the 
prostate gland. Therefore, the apparent diffusion 
coefficient (ADC) map and early enhancement 
on DCE images play a more dominant role in the 
detection of recurrent disease (Fig. ). Normal 
post-treatment changes on DWI and DCE images 
are not as comprehensive as seen on T2W imag- 
ing, making these functional sequences more 
suitable for detection of recurrent disease after 
EBRT. Characteristics of recurrence on DWI are 
very similar to those of the original tumor, with a 
low-signal intensity on the ADC map and hyper- 


base with a hyposignal intensity at the left peripheral 
zone; (b) sagittal T2W imaging with a low-signal inten- 
sity near the left prostate base; (c) axial DCE-MRI with 
focal enhancement; (d) axial ADC image shows a low- 
signal intensity with diffusion restriction and a minimal 
ADC value of 940; (e) axial DWI with b = 1400 (calcu- 
lated). Pathology results revealed a Gleason 4 + 3 = 7 can- 
cer in 3 cores 
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intensity on high b-value DWI that correlates 
with a nodule seen on T2W images [27]. Early 
hyperenhancement on DCE has been proven to 
be useful in detection of recurrent disease as the 
cancerous cells are expected to retain vascular 
supply due to neovascularization [28]. In con- 
trast, a normal irradiated prostate is lacking nor- 
mal vascularization as a result of glandular 
atrophy and will exhibit no to minimal enhance- 
ment on DCE. 


12.3.2 Brachytherapy 


Brachytherapy uses radioactive seeds that are 
implanted within the prostate under image guid- 
ance and sometimes referred to as internal 
radiation. Brachytherapy allows specific distribu- 
tion of high doses of radiation in order to treat a 
prostate tumor with fewer side effects than 
EBRT. It can be given as high-dose rate therapy 
(HDR) in a brief treatment session delivered by 
temporary implanted radioactive pellets, or alter- 
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natively it is performed as low-dose rate therapy 
(LDR) where tiny radioactive titantum seeds are 
implanted and left in place. The main advantage of 
HDR is higher precision in dosimetry as the source 
dwell time and position can be modulated [29]. 
However, LDR brachytherapy is more commonly 
used as it is most suitable for indolent prostate can- 
cer in patients with a small prostate volume [30]. 
To improve prostate cancer treatment, brachyther- 
apy may be combined with EBRT [31]. 

12.3.2.1 MR Imaging Findings After 
Brachytherapy 

Overall, MRI post-treatment changes of the 
brachytherapy and EBRT are very similar [23]. 
The prostate gland shows lower-signal intensity 
compared to pre-treatment imaging. Similar to 
EBRT, the zonal and tissue distinction may be 
very difficult due to the altered background signal 
of the prostate (Fig. ) [22]. The metallic seeds 
may cause artifacts, making interpretation more 
challenging. After completion of the brachyther- 
apy, the prostate will progressively shrink in size 


Fig. 12.5 Imaging findings after brachytherapy. Multi- 
parametric MRI of a 68-year-old male with an initial PSA 
of 7.4 ng/mL who underwent brachytherapy in 2012 as 
treatment for a Gleason score 3 + 4 = 7 prostate cancer at 
the left peripheral zone. Follow-up imaging shows ellip- 


soid brachytherapy seeds (white arrows). (a) Axial T2W 
imaging demonstrates a diffuse hypointense signal and 
loss of differentiation between the transition zone and 
peripheral zone. (b) Axial ADC map 
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due to atrophy, allowing the seeds to be seen more 
peripherally within the gland [32]. The seeds 
appear as small ellipsoid T2W hypointense foci 
scattered throughout the gland. Interpretation of 
the DWI sequence is difficult due to artifacts 
caused by the metallic seeds [33]. In case of a 
HDR brachytherapy, the post-treatment imaging 
differs since the seeds are removed from the body. 
The use of MR imaging to evaluate HDR brachy- 
therapy has yet to be validated. 


12.3.2.2 Features of Recurrence After 
Brachytherapy 

The general signal characteristics of recurrent dis- 
ease after brachytherapy remain similar to EBRT. 
Recurrence is most often seen at the site of origi- 
nal cancer and will appear as a nodular structure 
with low T2W signal intensity [34]. Interpretation 
of the T2W imaging may be challenging, just as 
with EBRT, due to glandular atrophy and fibrosis 
[26, 35]. On DWI, it appears as a hypointense sig- 
nal on the ADC map and hyperintense on high 
b-value images [36]. However, the DWI sequence 
is limited after treatment with LDR brachytherapy 
due to artifacts caused by metallic seeds. Overall, 
DCE imaging is more reliable compared to other 
sequences with an early hyperenhancement 
strongly suggestive of recurrence. 


12.4 Minimally Invasive Therapies 


Minimally invasive (or nonsurgical) therapies are 
a novel strategy for organ-confined prostate can- 
cer. It offers targeted treatment of the index 
lesion, while preserving the benign tissue. The 
principle of most techniques is based on local 
destruction of cancerous cells in the prostate 
gland while using various energy sources [37]. 
An advantage to preservation of healthy prostatic 
tissue is to reduce treatment-related complica- 
tions and morbidity [38]. The serum PSA levels 
are not very reliable for follow-up after focal 
ablation treatment as there is still prostatic tissue 
left behind [37]. 

It is recommended to perform a baseline pros- 
tate MRI before treatment in order to establish 
any post-treatment changes [39]. Evaluation of a 
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post-treatment mpMRI may be challenging as 
normal post-treatment changes induced by mini- 
mally invasive treatment have similar signal char- 
acteristics as the prostate cancer [40]. To make 
interpretation more difficult, the treated area 
changes dynamically during the first year follow- 
ing treatment due to recovery and phagocytosis. 
Regardless of the energy source that was used, all 
techniques should result in atrophy at the loca- 
tion of the targeted area. This exhibits as a 
hypointense signal on T2W imaging along with a 
low-signal intensity on DWI and little to no 
enhancement on DCE images [41]. Since T2W 
image characteristics of recurrent disease after all 
minimal invasive treatment forms are very simi- 
lar to prostate cancer, functional sequences of 
much more value for detection of any recurrences 
[25]. It is important to pay attention to the ante- 
rior rectum as it is most sensitive for injury and 
more carefully ablated, hence might find residual 
disease after minimal invasive treatment. Other 
locations at risk include the periurethral tissue, 
neurovascular bundle, and pubic bone marrow. 
Recurrent disease shows hypointense signal on 
T2W imaging with diffusion restriction on the 
ADC maps and early hyperenhancement on DCE 
images [41]. The DCE imaging tends to be the 
most reliable sequences in this context, due to its 
higher sensitivity and specificity [42]. 


12.4.1 Cryoablation 


Cryoablation is based on the in situ destruction of 
prostate tissue by application of alternating freeze 
and thaw cycles to induce cell death. Tissue 
injury mainly occurs by lowering the temperature 
of extracellular water. This results in an osmotic 
gradient and cellular dehydration, followed by 
coagulative necrosis, thrombosis, and tissue 
hypoxia. The process is enhanced by intracellular 
ice formation causing a complete cell disruption. 
Traditionally, cryoablation is applied to whole 
gland for localized prostate cancer or as local 
recurrence after RT. Efforts have been made to 
apply cryoablation as focal or targeted treatment, 
especially as alternative salvage treatment option 
in patients with local recurrence after RT. 


12 Post-Treatment MR Imaging of Prostate 
12.4.1.1 MR Imaging Findings After 
Cryoablation 

The effects of cryoablation are overestimated on 
MR imaging as the visible area is often larger 
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than the actual treated area. Normal post- 
treatment changes demonstrate a distorted pros- 
tate architecture with a low-signal intensity on 
T2W imaging (Fig. ) [43]. TIW imaging 


Fig. 12.6 Imaging findings after cryoablation. Multi- 
parametric MRI of a 77-year-old male with an initial PSA 
of 11.4 ng/mL. Patient underwent EBRT in 2012 as treat- 
ment for a de novo lesion (Gleason score 4 + 4 = 8) at the 
right peripheral zone. During follow-up, serum PSA has 
risen from 1.1 to 2.7 ng/mL, and imaging showed a recur- 
rent lesion at the right peripheral zone. Pathology showed a 


Gleason score 4 + 5 = 9 in two cores, and patient underwent 
cryotherapy. During the 3-month follow-up, mpMRI shows 
areas of heterogeneous signal, mingled with necrosis along 
with a rim of hypointense T2W signal and enhancement on 
DCE-MRI (white circles). (a) Axial T2W imaging; (b) 
axial DCE-MRI with an enhanced peripheral rim; (c) axial 
ADC map; (d) axial DWI with b = 1400 (calculated) 
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shows areas of heterogeneous enhancement min- 
gled with necrosis along with a thickened cap- 
sule, urethra, and rectal wall. DCE imaging is 
more useful, especially when performed immedi- 
ately after treatment. The treated area can be 
delineated as it exhibits no enhancement and is 
surrounded by an enhanced peripheral rim of 
prostatic tissue [44]. The urethral wall, neurovas- 
cular bundle, rectal wall, and pelvic bone marrow 
may not demonstrate enhancement on the DCE 


images directly after treatment; however, 
enhancement may be seen on follow-up 
examinations. 


12.4.2 Focal Laser Ablation 


Focal laser ablation (FLA) is a novel technique as 
the laser fiber is applied within the index lesion 
under image guidance. This technique is based 
on thermal energy ablation by raising the tem- 
perature within targeted area using the energy of 
the laser. When the temperature reaches more 
than 60 °C, cell necrosis is accomplished. The 
number of ablations needed depends on the vol- 
ume of the intended lesion and the type of the 
laser fiber. MR-based temperature mapping 
allows real-time feedback of the thermal distribu- 
tion in the prostate during treatment increasing 
efficacy. Therefore, FLA has become a more tar- 
geted and predictable approach compared to 
other treatment options and has a wide potential 
for use as it is safe and feasible for low- and 
intermediate-risk prostate cancer as well as sal- 
vage therapy. 

12.4.2.1 MR Imaging Findings After 
Focal Laser Ablation 

After FLA, MR imaging is mainly used to evalu- 
ate the degree and distribution of the expected 
necrosis in the targeted region. Directly after 
FLA, T2W imaging is not helpful in due to signal 
changes from hemorrhage and coagulative necro- 
sis. Post-treatment DCE images demonstrate a 
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focal defect with no enhancement in the treated 
area. The targeted lesion is oftentimes no longer 
visible on the 6-month follow-up imaging. After 
6 months, mpMRI shows reduced prostate vol- 
ume due to glandular atrophy [45]. The FLA 
treatment zone may show heterogeneous low- 
signal intensity on T2W imaging along with a 
restricted diffusion on DWI (Fig. 12.7). 


12.4.2.2 High-Intensity Focused 
Ultrasound (HIFU) 
During treatment with HIFU, energy from high- 
frequency ultrasound is used to heat and destroy 
the targeted tissue. HIFU is applied to the pros- 
tate either via an endorectal or transurethral 
probe. The ultrasound beam is focused on tumor 
tissue to rise to certain temperature. This results 
in thermal tissue coagulation and necrosis. It is 
suitable as treatment of localized prostate cancer 
or local recurrence after RT [46]. 


12.4.2.3 MR Imaging Findings After 
HIFU 

Post-treatment imaging after HIFU demonstrates 
a heterogeneous and diffuse low-signal intensity 
on T2W imaging [47]. The targeted area appears 
as hypointense signal surrounded by a peripheral 
rim of enhancement which corresponds to necro- 
sis and surrounding rim of inflammatory 
response. Directly after whole gland HIFU, a 
complete loss of the prostate zonal anatomy 
occurs with a separation of the central gland from 
the peripheral zone. Further distinction between 
benign and malign prostate tissue may be chal- 
lenging due to the decreased background signal 
intensity. Hemorrhage and necrosis of the sur- 
rounding fatty tissue cause more difficulties in 
evaluation of the post-treatment images. On DCE 
images, the ablated area should exhibit no 
enhancement, but there might be a rim of residual 
enhancement surrounding the treatment area 
[48]. There may also be residual enhancement of 
the prostatic tissue near the apex and rectum wall 
since these areas are usually spared. 
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Fig. 12.7 Imaging findings after focal laser ablation. 
Multi-parametric MRI of a 61-year-old male with an ini- 
tial PSA of 6.8 ng/mL who underwent focal laser ablation 
(FLA) as treatment for a de novo lesion (Gleason score 
3 + 4 = 7) at the right peripheral zone (PI-RADS 4). On 
the 6-month follow-up MRI, ablated area exhibits as a het- 
erogeneous low T2W signal intensity along with a 


12.4.2.4 Transurethral Ultrasound 
Ablation (TULSA) 

TULSA is a novel technology that combines 
MR-based treatment planning and real-time 
monitoring with ablating prostate tissue using 
transurethral ultrasound [49]. This technique 
induces thermal coagulation of the prostate and is 
able to deliver accurate whole gland or focal 
ablation. The ablation volume can be prescribed 
precisely by using axial T2W images obtained at 
the time of the treatment. In addition, real-time 
temperature feedback control algorithm provided 
by the MRI results in reduced risk of damage to 


restricted diffusion on DWI and demonstrates no enhance- 
ment in the treated area (white circles). (a) Axial T2W 
imaging of the mid prostate base with the ablation zone at 
the right peripheral zone; (b) sagittal T2W imaging with 
the ablation zone in the peripheral zone; (c) axial DCE 
MRI shows no enhancement; (d) axial ADC map; (e) axial 
DWI with b = 1400 (calculated) 


vital structures [50]. Normal post-treatment 
changes after TULSA demonstrate a total absence 
of the prostate with fibrotic tissue in the prostatic 
fossa on T2W imaging. The urethra and rectal 
wall are spared due to active water-based cooling 


(Fig. 12.8). 
12.4.3 Irreversible Electroporation 
Irreversible electroporation (IRE) is a relatively 


new type of treatment method for prostate can- 
cer. It uses a surgical ablation technique where 
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Fig. 12.8 Imaging findings after transurethral ultrasound 
ablation (TULSA). Multi-parametric MRI of a 65-year- 
old male with an initial PSA of 6.0 ng/mL. This patient 
underwent TULSA as treatment for a Gleason score 
3 + 4=7 lesion at the left peripheral zone (PI-RADS 5). 
(a) Pre-treatment axial T2W imaging; (b) axial real-time 


electrical pulses travel between electrodes 
inserted transperineally [51]. The electrical 
pulses induce an increased permeability of the 
cell membranes which result in apoptosis of the 
cancerous cells. 

12.4.3.1 MR Imaging Findings After 

IRE 

MR imaging findings after treatment with IRE 
are often very similar to other prostate cancer 
treatments. It includes heterogeneous signal 
intensity in the treated area on T2W imaging 
along with no enhancement on DCE images after 
administration of contrast agent [52]. 


12.5 Systemic Therapy 
Prostate cancer occurs when normal cells become 


abnormal and start to grow and/or reproduce with 
no self-regulation. As it grows, it requires andro- 


temperature image during the treatment. (c) Axial post- 
treatment post-contrast Tl-weighted image showing no 
internal enhancement. Eight months after the ablation, 
axial (d) and sagittal (e) T2W images demonstrate no 
residual prostate tissue, while the urethra is still visible 
(white arrow) 


gens as fuel by receptor activation. This is espe- 
cially true during the early stages of prostate 
cancer development. Therefore, stopping the 
androgen production is one of the backbones of 
prostate cancer treatment. This can be accom- 
plished surgically by a bilateral orchiectomy or 
using systemic drugs, better known as androgen 
deprivation therapy (ADT) [53]. 


12.5.1 Androgen Deprivation 
Therapy (ADT) 


Systemic therapy is traditionally used as treat- 
ment for metastatic prostate cancer. However, 
ADT is commonly used as a supplementary regi- 
men, in patients with rising PSA levels after local 
treatment, or as additional therapy in RT candi- 
dates [54]. Commonly used drugs are androgen 
receptor antagonists, antiandrogen drugs, 
gonadotropin-releasing hormone agonists, 
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gonadotropin-releasing hormone antagonists, or 
5a-reductase inhibitors [55]. Unfortunately, resis- 
tance to systemic drugs is relatively common 
with prolonged use. 

12.5.1.1 MR Imaging Findings After 

ADT 

None of the biochemical markers are reliable 
for distinction between local and distant tumor 
recurrence; therefore, a mpMRI is very valuable 
when monitoring for recurrent disease. The 
prostate volume decreases following ADT, with 
a greater extent in the peripheral zone compared 
to the transitional zone (Fig. 12.9). Depending 
on the type and duration of the therapy, patients 
demonstrate fluctuating responses to ADT on 
mpMRI, varying from no changes to reduced 
signal intensity on T2W imaging. The ADC 
value of the tumor is significantly increased 
after ADT compared to normal appearing 
peripheral and transitional zones. Additionally, 
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the seminal vesicles shrink and show a hypoin- 
tense signal on T2W images [56]. ADT reduces 
the tumor volume but does not necessarily result 
in downgrading of the staging of prostate 
cancer. 


12.5.1.2 Features of Recurrence After 
ADT 

An elevated serum PSA after treatment with ADT 
is an indication for persistent or recurrent dis- 
ease. Typically, prostate cancer recurrence after 
ADT has the same imaging features as seen after 
RT. In most cases, tumor is readily identified on 
T2WI. Differentiation between tumor and normal 
post-treatment effect may be challenging due to 
the varying degrees of decreased signal intensity 
in the peripheral zone, resulting in overestima- 
tion of the recurrent or residual disease [56]. 
These inherent variabilities of changes to the 
prostate limit the clinical relevance of MR imag- 
ing after ADT. 


Fig. 12.9 Imaging findings after androgen deprivation 
therapy (ADT). Multi-parametric MRI of a 61-year-old 
male with an initial PSA of 8.1 ng/mL who underwent 
ADT in 2014 as treatment for a Gleason score 4 + 4 = 8 
cancer at the anterior transition zone (PI-RADS 5). Before 
treatment with ADT, the prostate measured 31.8 x 


58.2 mm using the axial dimensions. Six months after 
treatment with ADT, the mpMRI prostate measured 
30.0 mm x 45.5 mm. (a) Axial T2W imaging before treat- 
ment with ADT; (b) axial T2W imaging after treatment 
with ADT 
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13.1 Introduction 

With 174,650 new cases and 31,620 deaths per 
year, prostate cancer (PCa) is the most commonly 
diagnosed non-cutaneous cancer and the second 
cause of cancer-associated mortality in men in 
the USA [1]. The biological behavior and clini- 
cal course of PCa show a broad spectrum from 
indolent intraprostatic tumors to aggressive met- 
astatic disease [2—4]. 

Imaging is a crucial aspect of prostate can- 
cer management [5]. In spite of considerable 
advances, currently used diagnostic imaging 
modalities for primary tumor diagnosis, evalua- 
tion of metastatic disease, and detecting sites of 
biochemical recurrence (BCR) seem to be subop- 
timal [6]. Transrectal ultrasonography (TRUS)- 
guided biopsy subsequent to prostate-specific 
antigen (PSA) screening has been the primary 
tool for assessment of PCa [7]. Multiparametric 
MRI (mpMRI) has been utilized to further iden- 
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tification of clinically aggressive prostate tumors, 
underdiagnosed with screening-driven TRUS- 
guided biopsies. Even though mpMRI has proven 
its utility in detection and local staging of the 
untreated prostatic tumors, evaluating invasion, 
and detecting recurrences, its success rate is still 
limited [3, 8, 9]. Hence, molecular imaging with 
positron emission tomography (PET) has been 
increasingly taken into consideration in prostate 
cancer as this noninvasive imaging method tar- 
gets certain biological aspects of tumors [3, 10]. 
PET is often merged with computed tomography 
(CT) or magnetic resonance imaging (MRI) for 
better anatomical localization of increased met- 
abolic avidity in addition to differentiation of 
physiologic activity from pathologic uptake [11]. 
The landscape of available PET radiotracers for 
PCa imaging includes probes interrogating tumor 
metabolism (!°F-FDG), fatty acids metabolism 
(C acetate), the biology of choline (‘'C/'8F 
Choline), amino acid transport upregulation ('8F 
FACBC), those targeting prostate-specific mem- 
brane antigen (PSMA) receptors (*’Ga-PSMA, 
'8F_DCFBC, ('8F-DCFPyl, 'F-PSMA-1007), 
and other agents targeting hormone receptors 
or gastrin-releasing peptide receptor [3]. In this 
chapter, we review some of these clinically avail- 
able tracers in the setting of primary disease 
diagnosis, staging, and biochemical recurrence 
prostate cancer. 
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13.2 ‘F-FDG 

'8F_FDG-PET/CT has become the basis of molec- 
ular imaging in detection, staging, and monitor- 
ing of a vast majority of malignancies [12]. The 
amount of FDG avidity is mainly associated with 
the rate of glucose metabolism by tumor cells 
comparing to non-cancer cells, originally known 
as the Warburg effect [13]. Increased glucose 
uptake by tumor cells is mainly caused by over- 
expression of membrane glucose transporters 
(GLUTs) and increased hexokinase activity [14]. 
Beyond the routine standard of care '8F-FDG- 
PET/CT imaging in many malignant tumors, it 
has demonstrated limited value for imaging the 
typically indolent PCa [3, 15, 16], mostly as a 


ve 


Fig. 13.1 77-year-old patient with history of high-risk 
cT3b, Gleason 10 (5 + 5) prostate cancer, treated with 
external beam radiation and neoadjuvant, concomitant and 
long-term ADT for 2 years. Patient had biochemical recur- 
rence 9 years after treatment, with PSA of 0.15 ng/mL 
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result of low glucose metabolism in prostate 
cancer cells [17—19]. Previous studies have dem- 
onstrated insufficient results in the use of FDG 
in primary diagnosis, initial staging, or evalua- 
tion of biochemical recurrence [20-23]. Recent 
studies have shown higher FDG avidity in more 
aggressive PCa tumors [24-26] (Fig. 13.1). In 
fact, the phase of the disease seems to be the 
determinant factor for the utility of "F-FDG PET 
in prostate cancer [27]. 


13.2.1 Primary Disease 


Overlap between FDG uptake of PCa tumors, 
benign prostatic hyperplasia (BPH), and normal 


(patient currently on ADT). 18F-FDG PET/CT imaging, 
including maximal intensity projection, and axial PET and 
PET/CT fused images demonstrate a large hypermetabolic 
focus at the right mid-to-base peripheral zone of the pros- 
tate gland consistent with disease recurrence (arrows) 
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prostate tissue, which are frequently present in 
the same gland, has been previously reported 
[19, 27]. Minamimoto et al. [28] evaluated the 
role of '"F-FDG PET/CT prior to biopsy in 50 
patients with elevated PSA levels, reporting 
sensitivity and specificity within the prostate of 
51.9% and 75.7%, respectively. In particular, 
the sensitivity and specificity were 22.7% and 
85.9% in the central zone and 73.3% and 64.3% 
in the peripheral zone, respectively [28]. Other 
studies have reported even lower sensitivities 
for primary tumor detection [29, 30]. However, 
biopsy-proven malignant prostate lesions that 
showed higher '8F-FDG uptake were reported to 
be more aggressive tumors. Minamimoto et al. 
[28] reported a positive predictive value (PPV) of 
87% and sensitivity of 80% for "F-FDG PET/CT 
in detecting lesions with Gleason score >7 [28]. 
These studies highlight the fact that while '8F- 
FDG PET/CT detects more advanced prostate 
cancers with higher Gleason scores, it is not the 
method of choice for prostate cancer detection 
since it misses the majority of typically indolent, 
less aggressive prostate cancers. 

Previous studies have assessed the role of inci- 
dental high '8F-FDG avidity in primary prostate 
cancer detection. Bertagna et al. evaluated the 
risk of malignancy and prevalence of incidental 
'8F_FDG uptake detected by 'SFDG-PET/CT in a 
meta-analysis and systematic review of 6 stud- 
ies, including 444 patients [31]. For high inciden- 
tal FDG uptake, a poor prevalence of 1.8% was 
observed. The overall pooled risk of malignancy 
in cases with high FDG avidity was 17% (95%CI, 
12-23%) and increased to 62% in the biopsy- 
proven cohort (n = 121). They found a trend 
of higher maximum standardized uptake value 
(SUVinax) in malignant tumors with high inci- 
dental uptake; however, there was no statistically 
significant difference when compared to benign 
lesions with high incidental FDG avidity [31]. In 
another study by Kang et al., higher SUV max was 
reported in prostate cancer tumors than benign 
lesions. However, no significant association was 
found between SUV max and serum PSA, Gleason 
score, and prostate tumor volume [32]. !8F-FDG- 
PET/CT was not able to differentiate cancerous 
from benign lesions. Therefore, it was concluded 
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that prostatic biopsy was not suggested in cases 
with incidental high FDG avidity. However, fur- 
ther clinical investigations such as PSA were rec- 
ommended in patients with high incidental uptake 
on '8F-FDG PET/CT scans [32]. Consistent with 
prior studies, in a study by Reesink et al., inci- 
dental FDG uptake on PET/CT images showed a 
low positive predictive value for prostate cancer 
[33]. Sahin et al. observed incidental FDG avid- 
ity in 1.3% of patients who underwent PET/CT 
scans. Furthermore, SUV max was not able to dif- 
ferentiate benign from cancerous lesions, and no 
association was observed between serum PSA 
and SUVmas [34]. Brown et al. recommended 
that high incidental FDG avidity with SUV max >6 
needed to be further evaluated by mpMRI [35]. 
In a study by Kwon et al., further evaluation, for 
instance, PSA measurement, was suggested to be 
performed in patients with higher SUV max and 
prostate biopsy was recommended in those with 
high PSA levels [36]. 


13.2.2 Staging 


'8F-FDG PET/CT has shown unsatisfactory 
results in primary staging of PCa. Therefore, 
limited number of studies has focused on this 
subject in the past years. Beauregard et al. stud- 
ied 54 patients with primary tumors Gleason 
score >8 whose FDG PET/CT was performed 
prior to biopsy. Surgical lymphadenectomy 
was performed on 41 out of 54 patients. Based 
on histopathology reports, 11/41 (27%) of 
patients had lymph node metastases, among 
whom only 3 (3/11, 27%) were positive on FDG 
scans [26]. Liu et al. retrospectively assessed 
nine prostate cancer patients with 'SF-FDG 
PET/CT at the time of initial staging; despite 
showing a low sensitivity (33%) in detection of 
primary malignant tumors, '"F-FDG PET/CT 
demonstrated nodal or bone metastases in six 
out of nine cases [29]. It could be concluded 
that '"FDG PET/CT has a higher sensitivity 
in localizing metastases than detection of pri- 
mary PCa tumors [29]. However, in general, 
'8EDG PET/CT is limited for primary staging 
of PCa. 
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13.2.3 Biochemical Recurrence 


Localizing the site of recurrence has a high 
clinical significance in patients with BCR, as 
it is beneficial for planning the proper manage- 
ment. Same as the primary diagnosis and initial 
staging, F-FDG PET/CT has a limited value 
in evaluation of biochemical recurrence in PCa 
patients. In a retrospective study by Schéder et al. 
that was performed on 91 patients with BCR, it 
was reported that FDG PET was able to detect 
localized or systemic disease in 31% of cases. 
In addition, the likelihood of disease detection 
showed an increase with a rise in PSA levels 
[37]. However, in a different study, Chang et al. 
investigated the FDG avidity in 24 patients with 
biochemical recurrence that had undergone FDG 
PET/CT scan prior to pelvic nodal dissection 
[38]. They reported sensitivity, specificity, accu- 
racy, negative predictive value, and positive pre- 
dictive of 75%, 100%, 83.3%, 67.7%, and 100%, 
respectively, for localizing lymph node metasta- 
ses [38]. In another study assessing the efficacy 
of !!C-choline and "F-FDG in BCR PCa patients, 
'SF-FDG and ''C-choline showed sensitivity of 
31% and 60.6%, respectively [39]. When PSA 
levels were >1.9 ng/mL, sensitivities increased 
up to 40% and 80%, respectively [39]. Oztiirk 
et al. retrospectively investigated the use of '°F- 
FDG PET/CT in detection of recurrence in 28 
patients, who had received external beam radia- 
tion therapy or undergone radical prostatectomy 
[40]. They reported sensitivity of 61.6% and 
specificity of 75.0% for '8F-FDG PET/CT [40]. 
In the retrospective study by Liu et al., assess- 
ing 16 patients with biochemical recurrence, 
'8EDG PET/CT detected metastatic disease in 12 
cases [29]. It was also able to identify recurrent 
tumors within the prostate gland in two patients. 
Moreover, there was a Statistically significant 
difference in PSA values between patients with 
negative vs. those with positive results on "FDG 
PET/CT [29]. In another study that prospectively 
evaluated the role of '"F-FDG PET/CT and '8F- 
NaF PET/CT in identifying occult metastases 
in 37 patients with BCR, '"FDG PET/CT dem- 
onstrated overall detection rate of 8.1% [41]. 
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Present findings suggest that 'SFDG PET/CT has 
a limited utility in the assessment of BCR PCa 
patients, with more value in those with higher 
PSA levels. 


13.3 '"C/'®F-Acetate 


Acetate is converted to fatty acids that are incor- 
porated in the cell membrane in a two-step mech- 
anism (acetate to acetyl-CoA via acetyl-CoA 
synthase and acetyl-CoA to fatty acids via fatty 
acid synthase) [3]. Enhanced fatty acid synthase 
activity causes increased acetate uptake in PCa 
lesions, which has been indicated to be associ- 
ated with the aggressiveness of these tumors 
[42]. Both !!C- and '*F-labeled acetate trac- 
ers have been developed; however, !'C-acetate 
is significantly less practical [3]; since it has a 
short half-life (20 min), that makes its utility lim- 
ited to centers with an on-site cyclotron [5, 43]. 
However, its negligible urinary tract excretion 
makes it a desirable tracer for evaluation of local 
prostate disease recurrence [15, 44]. 


13.3.1 Primary Disease 


Even though !'C-acetate has shown success 
in detection of advanced PCa, it has not been 
reported to be helpful in assessing localized 
disease [5]. Mena et al. investigated 39 cases of 
localized PCa who underwent !'C-acetate PET/ 
CT and mpMRI before prostatectomy [45]. 
SUVs derived from ''acetate PET were compared 
with findings from mpMRI and histopathology 
reports. Despite showing a significantly higher 
"\C-acetate uptake by tumor cells compared to 
normal prostate tissue, considerable overlap 
in tracer uptake was found between malignant 
tumors and benign prostatic hyperplasia. In 
comparison with histopathology, ''acetate PET/ 
CT showed sensitivity of 61.6% and specificity 
of 80% for tumors >0.5 cm. Multiparametric 
MRI demonstrated sensitivity of 82.3% and 
specificity of 95.1%. Comparable results were 
revealed for ''acetate PET/CT and mpMRI in 
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lesions >0.9 cm [45]. In a study by Jabor et al. 
on 36 patients with untreated, nonmetastatic 
PCa, a sensitivity and specificity of 88% and 
41%, respectively, were reported for ''C-acetate 
PET/CT in detection of primary tumors [46]. In 
a meta-analysis by Mohsen et al. including 23 
studies, a pooled sensitivity of 75.1% and speci- 
ficity of 75.8% were reported for ''C-acetate 
PET regarding primary tumor detection [47]. 
Furthermore, they reported that ''C-acetate PET 
not only showed high uptake in benign prostatic 
hyperplasia but also was not able to detect small 
lesions [47]. In general, despite showing higher 
sensitivity than '"F-FDG reported by previous 
studies [48, 49], the use of !'C-acetate PET/CT 
is not justified over conventional imaging meth- 
ods such as mpMRI for primary prostate cancer 
detection [15]. 


13.3.2 Staging 


Haseebuddin et al. performed !'C-acetate PET/ 
CT on 107 patients with intermediate- or high- 
risk prostate cancer, who had no lymph node 
involvement on conventional imaging [50]. 
'\C-acetate PET/CT demonstrated positive find- 
ings for pelvic lymph node involvement or dis- 
tant metastases in 36 out of 107 (33.6%) patients. 
Based on histopathology reports, lymph node 
metastasis was present in 25 cases (23.4%). 
!C-acetate PET/CT demonstrated sensitivity, 
specificity, negative predictive value, and posi- 
tive predictive value of 68%, 78.1%, 88.9%, and 
48.6%, respectively, for identification of nodal 
metastasis. ''C-acetate PET/CT was suggested 
as an useful asset in staging of pelvic lymph 
nodes and therapeutic decision-making [50]. In 
a study by Schumacher et al., 19 PCa patients 
underwent extended pelvic lymph node dissec- 
tion subsequent to !!C-acetate PET/CT scan 
[51]. In the patient-based analysis, ''C-acetate 
PET/CT demonstrated high sensitivity (90%) 
but low sensitivity (67%). However, nodal 
region-based analysis revealed low sensitivity 
(62%) and high specificity (89%). Furthermore, 
'\C-acetate PET/CT was reported to have limi- 
tations in detecting small lesions and the exact 
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nodal disease location, which caused false-posi- 
tive and false-negative results in more than one- 
third of the patients [51]. 


13.3.3 Biochemical Recurrence 


In the meta-analysis of 23 studies by Mohsen 
et al., !!C-acetate PET showed pooled sensitiv- 
ity and specificity of 64% and 93%, respectively, 
for evaluation of BCR PCa patients [47]. A ret- 
rospective study by Leisser et al. evaluated 123 
patients with suspected local recurrence using 
'C-acetate PET/CT, which demonstrated posi- 
tive uptake in 82 patients [52]. PSA velocity 
was shown to be notably higher in patients with 
positive PET findings. In addition, a positive 
association between higher SUV,,,, and the ini- 
tial primary tumor Gleason score was observed. 
Hence, they proposed that 'C-acetate PET 
could be a prognostic tool for recurrent prostate 
cancers [52]. In a retrospective study on 120 
patients by Dusing et al., higher positive results 
were observed on !'C-acetate PET/CT for PSA 
>1.24 ng/mL or PSA velocity >W1.32 ng/mL/ 
year [53]. Therefore, it can be concluded that 
in biochemical recurrence, !!C-acetate might 
be useful as an indicator of tumor aggressive- 
ness [5]. In a recent study by Almeida et al., the 
performance of ''C-acetate PET/CT in detecting 
biochemical recurrence and its correlation with 
PSA value was evaluated [54]. ''C-acetate PET/ 
CT scans showed positive results in localizing the 
site of recurrence or metastasis in 637 out of 721 
(88%) patients with biochemical recurrence [54]. 
In addition, it was reported that with optimal 
threshold values of PSA >1.09 ng/mL, or PSA 
doubling time of <3.8 months, !'C-acetate PET/ 
CT scans had the highest likelihood of showing 
positive results [54]. The role of !!C-acetate PET/ 
CT as a predictor of survival in patients with BCR 
was investigated by Regula et al. [55]. Five-year 
prostate cancer-specific survival was reported as 
100% and 80% in cases with negative and posi- 
tive '|'C-acetate PET/CT results, respectively. It 
was suggested that '!C-acetate PET/CT might 
be useful in determining high-risk cases among 
patients with biochemical recurrence [55]. 
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13.4 'C/'F-Choline 

Choline is a precursor for phosphatidylcholine, 
which is the main phospholipid in cell mem- 
brane. Through choline transporters, choline is 
internalized into cells and metabolized by cho- 
line kinase, which has a pivotal role in cellular 
membrane synthesis. Increased choline uptake by 
prostate tumor cells has been reported to be due 
to overexpression of choline kinase [56]. Analogs 
of choline tracer are different in excretion pat- 
terns and half-life. Short half-life of ''C-labeled 
choline (20 min) needs the presence of an on-site 
cyclotron [57], whereas !8F analog with a longer 
half-life of 110 min has the viability for trans- 
port and application in multicenter settings [57]. 
Excretion of ''C-choline is mainly through the 
hepatobiliary system, which is desired for pros- 
tate assessment [5, 58]. '8F-choline, however, has 
urinary excretion, which may interfere with the 
interpretation of pelvic findings [5, 57]. 


13.4.1 Primary Disease 


The utility of choline radiotracers in the primary 
diagnosis of prostate cancer has been widely 
investigated. Overlap in "C or 'F-Choline 
avidity between PCa tumors and BPH or even 
prostatitis has been reported, which limits the 
diagnostic performance of this tracer [5, 57]. 
Bundschuh et al. assessed 20 patients using 
"C-choline PET/CT prior to prostatectomy, 
reporting that '!'C-choline PET/CT could localize 
less than 50% of the pathologically proven pros- 
tate cancers [59]. Grosu et al. in a study with 28 
patients with PCa demonstrated that preoperative 
11C-choline PET/CT was not useful in differenti- 
ating cancerous from normal prostate tissue [60]. 
Interestingly, some of the non-neoplastic prostate 
tissues demonstrated higher uptake [60]. Pinaquy 
and collaborators prospectively compared the 
diagnostic performance of diffusion-weighted 
MRI (DWI) and !*F-choline in 47 patients before 
surgery. The accuracy of '8F-choline PET/CT in 
tumor localization and evaluation of extra-pros- 
tatic invasion did not show any superiority over 
mpMRI [61]. To summarize, the utility of ''C- or 
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'8F_choline PET/CT for detection of primary PCa 
is not justified. 


13.4.2 Staging 


Several studies have evaluated the performance 
of choline PET/CT in initial PCa staging. In a 
meta-analysis, Evangelista et al. evaluated the 
role of '8F- and !!C-choline PET and PET/CT in 
initial staging of PCa and reported a pooled sen- 
sitivity of as low as 49.2% and pooled specificity 
of 95% [62]. In another large meta-analysis by 
von Eyben et al. assessing the diagnostic accu- 
racy of 'C- and '’F-choline PET/CT in PCa 
patients, choline PET/CT demonstrated pooled 
sensitivity and pooled specificity of 62% and 
92%, respectively, in localization of metastatic 
lymph nodes [63]. A retrospective study on 48 
cases with intermediate- to high-risk PCa com- 
pared bone scan and abdominopelvic CT with 
'8F_choline PET/CT for initial staging [64]. The 
overall accuracy for detection of lymph node 
involvement was 83.3% with '8F-choline PET/ 
CT. '8F-choline PET/CT showed a similar speci- 
ficity (92.3% vs. 92.3%) but a higher sensitivity 
(46.2% vs. 69.2%) comparing to the CT scan. 
In addition, both specificity (86.4% vs. 77.2%) 
and sensitivity (100% vs. 90%) were higher in 
'8F_choline PET/CT than bone scans. Moreover 
in 33% of prostate cancer patients, the findings 
of '8F-choline PET/CT altered the staging of PCa 
[64]. In a prospective study, Van Den Bergh et al. 
utilized DWMRI and !|'C-choline PET/CT to 
assess nodal staging in 75 high-risk PCa patients 
with NO lesions on contrast-enhanced CT [65]. 
Thirty-seven out of 75 patients showed positive 
results on histology. For 'C-choline PET/CT, 
the PPV and sensitivity were 63.6% and 18.9%, 
respectively. DWI demonstrated a PPV of 86.7% 
and a sensitivity of 36.1%. On a region-based 
analysis, PPV of !'C-choline PET/CT was 50.0% 
and a sensitivity of 8.2% while for DWI showed 
PPV of 40.0% and sensitivity of 9.5%. It was 
concluded that these imaging modalities were 
not useful for pretreatment evaluation of nodal 
staging in PCa patients with negative results on 
CT scan [65]. 
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13.4.3 Biochemical Recurrence 


The utility of choline tracers in evaluating BCR 
PCa has been widely studied. Based on the loca- 
tion of biochemical recurrence and PSA levels, 
choline PET/CT has shown a wide range of 
detection rate [66]. Evangelista et al. reported 
a detection rate of 11%-—75% for prostate gland 
recurrences, 30% for lymph nodes metastases, 
and 20%-50% for skeletal metastases in a meta- 
analysis [66]. Furthermore, as a function of PSA, 
for both !!C- and !8F-choline, the detection rate 
was reported as <30% for PSA level <1 ng/mL 
and >50% for PSA level >2 ng/mL [66]. It was 
also shown that the detection rate was higher in 
PSA velocity of >5 ng/mL/year and PSA doubling 
time of less than 2 or 3 months [66]. A study by 
Cimitan et al. on 1,000 patients with biochemical 
relapse demonstrated that a high primary tumor 
Gleason score (>8) at the time of diagnosis was 
a strong predictive factor for '$F-choline PET/CT 
positivity, even at low PSA levels [67]. 

A principal approach to evaluate the role of 
a PET tracer is to consider its impact on patient 
survival and therapeutic management. In a study 
by Garcia et al., prognostic value of therapeutic 
response by ''C-choline PET/CT was evaluated 
in 37 patients with BCR [68]. !!C-choline PET/ 
CT demonstrated high ability in detecting infra- 
diaphragmatic nodal metastases that helped in 
distinguishing patients who might benefit from 
salvage radiotherapy and planning further thera- 
peutic approach. In another study, Goldstein et al. 
investigated the use of 'C-choline PET/CT in 
biochemically recurrent PCa management [69]. 
Increased ''C-choline uptake in prostate, pros- 
tate fossa, or pelvic lymph node was shown in 17 
patients, and distant metastases were observed in 
9 cases, whereas !!C-choline PET failed to local- 
ize recurrence in 7 patients. In 55% (18/33) of 
patients, ''C-choline PET/CT changed the thera- 
peutic approach (p = 0.05). It was concluded 
that in patients with biochemical recurrence 
PCa, ''C-choline PET/CT might have a role in 
improving care by targeting appropriate patients 
for salvage radiotherapy, by developing a bet- 
ter radiation treatment plan, and by postponing 
or avoiding androgen deprivation therapy [69]. 
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Incerti et al. retrospectively investigated the pre- 
dictive value of ''C-choline PET/CT on survival 
outcomes in 68 patients, who underwent helical 
tomotherapy following a positive ''C-choline 
PET scan [70]. PET-derived parameters, includ- 
ing SUVma, mean standardized uptake value 
(SUV mean), and metabolic tumor volume (MTV) 
with a threshold of 40%, 50%, and 60% was 
determined. There was no significant correla- 
tion between SUV maxs SUV mean, and the survival 
outcomes. However, using the receiver operat- 
ing characteristic (ROC) curve, metabolic tumor 
volume (MTV) showed to be the best predic- 
tor for relapse-free survival. Notably, MTV and 
the presence of extra-pelvic choline-avid lymph 
nodes were reported as independent prognostic 
factors, which might be used to select therapeu- 
tic strategy [70]. In another retrospective study 
by the same group on 302 hormone-naive BCR 
PCa patients following radical prostatectomy, 
"\C-choline PET/CT was able to predict survival 
with 15-year prostate cancer-specific survival 
being 42.4% in patients with ''C-choline PET 
positivity and 95.5% in patients with a nega- 
tive |'C-choline PET scan [71]. The same group 
evaluated the role of ''C-choline PET/CT in 
predicting prostate cancer-specific survival in 
195 cases treated with radical prostatectomy in 
whom ''C-choline PET/CT was performed due 
to BCR while patients were on androgen depri- 
vation therapy [72]. The results showed prostate 
cancer-specific survival of 11.2 and 16.4 years in 
patients with ''C-choline PET/CT positivity and 
negativity, respectively (p < 0.001) [72]. 

In conclusion, choline PET tracer has shown 
a promising performance in evaluating BCR at 
high PSA levels. It has also shown to be helpful 
in differentiating local and regional relapse from 
distant metastases, which directs to the appro- 
priate clinical management [73]. In 2012, the 
Food and Drug Administration (FDA) approved 
"C-choline PET/CT for evaluation of BCR in 
PCa patients with rising PSA values following 
definitive treatment [74]. However, concerns 
exist that sensitivity of choline tracers might be 
unsatisfactory at low PSA levels (~0.5 ng/mL) 
that question the value of this probe in decision 
toward salvage radiotherapy [43]. 
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13.5 ‘'F-FACBC (Fluciclovine) 
'8F_FACBC (anti- 1-amino-3-!*F-fluorocy- 


clobuate-1-carboxylic acid), recently renamed as 
'8F_fluciclovine or Axumin™ (brand name), is a 
synthetic analog of the amino acid L-leucine that 
targets amino acid transport [2]. Same as many 
other cancers, upregulation of transport and metab- 
olism of amino acids is present in prostate cancer 
which highlights the role of amino acid analogs 
as PET tracers [57]. Delayed renal excretion and 
favorable biodistribution have made '"F-FACBC a 
desirable tracer for prostate cancer imaging [75]. 
Moreover, the long half-life of 'SF-FACBC allows 
its use without the need for on-site cyclotron [76]. 


13.5.1 Primary Disease 


'8F-FACBC has shown a poor performance in 
detection of primary PCa tumors. In a study by 
Schuster et al. in 10 patients who underwent 
'8F-FACBC PET/CT imaging prior to radical 
prostatectomy, the highest combined sensitivity 
of 81.3% and specificity of 50% were reported 
[77]. Even though the highest SUV,,,, was 
observed in malignant sextants, overlap was 
reported between cancerous and benign prostate 
tissue [77]. In a prospective study by Turkbey 
et al., the 'SF-FACBC PET/CT uptake in cases 
with localized PCa, BPH, and normal pros- 
tate was investigated. In addition, the utility of 
'8F-FACBC PET/CT in localizing pathologically 
confirmed PCa was evaluated and compared with 
the results from mpMRI [78]. PCa demonstrated 
a significantly higher mean SUV,,,, compared 
to normal prostate tissue (p < 0.001). However, 
they did not indicate a statistically significant 
difference compared to BPH nodules (p = 0.27). 
Sector-based analysis revealed a lower sensitivity 
(67% vs. 73%) and specificity (66% vs. 79%) for 
'8F-FACBC PET/CT compared to T2-weighted 
MRI. The PPV of combined '$F-FACBC PET/ 
CT and mpMRI for primary tumor localization 
was reported as 82%, which was significantly 
higher (p < 0.001) than the PPV of each of the 
modalities alone (50% for '"F-FACBC PET/CT 
and 76% for mpMRI). It was concluded that 
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although '8F-FACBC PET/CT had low speci- 
ficity in detection of primary PCa tumors inde- 
pendently, its conjoint utility with conventional 
imaging modalities such as mpMRI might be 
helpful in detection of primary cancerous lesions 
[78]. In another study by Jambor et al., the role of 
'8F-FACBC PET/CT, PET/MRI, and mpMRI was 
investigated in 26 patients [79]. Results showed 
high sensitivity (87%) and a low specificity (56%) 
for '5F-FACBC PET/CT in identification of pri- 
mary PCa lesions. Moreover, both PET/MRI and 
mpMRI performed better than 'F-FACBC PET/ 
CT in PCa detection [79]. Kairemo et al. retro- 
spectively assessed 26 patients with '"F-FACBC 
PET/CT and correlated with PSA levels and 
PSA doubling times [80]. No statistically sig- 
nificant difference was found between patients 
who showed positive and negative results on 
'8F_FACBC PET/CT with regard to PSA levels. 
However, significantly shorter PSA doubling 
time was observed in patients who had positive 
'8F-FACBC uptake leading to the conclusion that 
'8—F-FACBC uptake might be an indicator of PCa 
aggressiveness [80]. To conclude, same as previ- 
ous tracers, due to low specificity and overlaps in 
uptake, 'SF-FACBC PET/CT has a limited value 
in detection of primary disease. 


13.5.2 Staging 


Currently, limited data exists on the role of 
'8F-FACBC PET/CT in primary PCa staging. 
Suzuki et al. in a multicenter Phase Ib clini- 
cal trial on 68 patients compared the diagnostic 
performance of NMK36 (trans-1-amino-3-[18F] 
fluorocyclobutanecarboxylic acid)-PET/CT with 
conventional imaging methods including whole- 
body contrast-enhanced CT for assessing involve- 
ment of regional lymph nodes and combination of 
bone scintigraphy and contrast-enhanced CT for 
detection of bone metastasis [81]. Comparable 
diagnostic accuracy was reported for conven- 
tional imaging methods and 'F-flucicloclocine 
PET/CT. However, though not confirmed by 
reference standard, some sub-centimeter lymph 
nodes (5—9 mm short axis) and bone metastases 
were only identified on '’F-flucicloclocine PET/ 
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CT, which needed further investigations to con- 
firm the utility of 'SF-FACBC PET/CT in PCa 
staging [81]. 


13.5.3 Biochemical Recurrence 


'8F-FACBC PET/CT has demonstrated to be 
most beneficial in localization of BCR than for 
evaluation of primary disease. Based on the 
data gathered from more than 700 PCa patients 
from the USA and Europe, FDA approved 
'8F-flucicloclocine in 2016, under the trade name 
Axumin™, for evaluation of prostate cancer 
recurrence in cases with increasing PSA levels 
after previous treatment [82]. 

In a multicenter study including 596 patients 
with BCR by Bach-Gansmo et al., an over- 
all detection rate of 67.7% was reported for 
'8R-flucicloclocine PET/CT [83]. In addition 
'8F_flucicloclocine PET/CT could identify local 
and distant PCa recurrence within a broad range 
of PSA levels [83]. Odewole et al. in a study of 
53 BCR PCa patients with negative bone scans, 
'8F-FACBC PET/CT was compared to CT with 
regard to lesion detection. Results demonstrated 
that the diagnostic performance of '"F-FACBC 
PET/CT was far better than CT [84]. Nanni 
et al. compared accuracy of '!C-choline PET/ 
CT with '8F-FACBC PET/CT in patients with 
biochemical relapse after radical prostatectomy; 
overall similar performance was reported for 
both of these tracers. However, by classifying 
patients by PSA values, '8F-FACBC PET/CT 
showed higher sensitivity in nearly all PSA 
ranges [85]. Therefore, it was suggested that in 
the evaluation of BCR patients following radical 
prostatectomy, '8F-FACBC PET/CT might be a 
better alternate than ''C-choline PET/CT [85]. 
Overall, '8F-FACBC has demonstrated high sen- 
sitivity but low specificity in localizing BCR. 
Schuster et al. compared '8F-FACBC PET/CT 
to ProstaScint (PMSA-targeted !!'In-capromab 
pendetide) in detecting prostate cancer relapse 
[86]. In the evaluation of the prostatic bed, 
'8F-FACBC PET/CT showed sensitivity of 
90.2% and specificity of 40%, whereas PMSA- 
targeted '!'In-capromab pendetide demonstrated 
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far lower numbers [86]. In a meta-analysis 
including six studies, Rem et al. investigated 
the utility of '8F-FACBC PET/CT in BCR PCa 
patients, reporting a pooled sensitivity and spec- 
ificity of 87% and 66%, respectively. Moreover, 
an area under the receiver operating character- 
istic curve (AUC) of 0.93 was reported [87]. 
Despite showing high sensitivity, '"F-FACBC 
has the disadvantage of having a high false-pos- 
itive rate in detecting tumor recurrence, which 
makes its utility questionable considering the 
development of newer tracers. 


13.6 PSMA-Targeting Tracers 


Prostate-specific membrane antigen (PSMA) is 
a transmembrane protein highly upregulated in 
prostate cancer and weakly expressed in normal 
prostate tissue [88]. PSMA expression is cor- 
related with both grade and stage of the lesions 
representing disease aggressiveness [89]. PSMA 
has shown increased uptake in some other malig- 
nancies, in addition to physiologic uptake in the 
proximal renal tubules, bladder, salivary/lacrimal 
glands, small intestine, liver, and spleen [90, 91]. 
The extracellular domain of PSMA with cata- 
lytic activity is used for tumor targeting [92]. 
Several PSMA PET radioligands, with minor dif- 
ferences, have been developed; however, none of 
them are currently approved by FDA. The only 
PSMA radiotracer that is approved by FDA is 
'Tn-capromab pendetide (ProstaScint), which 
is a radiolabeled PSMA antibody. However, its 
use has been limited due to disadvantages such as 
slow clearance and binding to intracellular com- 
ponent of PSMA which leads to low uptake and 
high background ratio [93]. Nearly all of these 
PSMA PET agents excrete through urinary tract 
excluding '8F-PSMA-1007 which has a higher 
hepatobiliary excretion [89]. Some of the PSMA 
PET tracers including °**Ga-PSMA-HBED-CC 
(PSMA-11),  '8F-DCFBC, 'F-DCFPyL, and 
'8F-PSMA-1007 will be reviewed. 


Ga-PSMA-11 
®Ga-PSMA-11 (also known as °Ga-HBED- 
CC-PSMA) was first described by Eder et al. for 
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PET imaging [94]. Ever since, it has been widely 
utilized and investigated in all stages of prostate 
cancer disease [95, 96]. 


13.6.1 Primary Disease 


In a study including 53 biopsy-proven PCa 
patients, Eiber et al. evaluated the diagnostic per- 
formance of “Ga-PSMA-11 PET/MRI against 
mpMRI for the detection of primary PCa [97]. 
Combined ®Ga-PSMA-11 PET/MRI showed 
better performance in localizing primary pros- 
tate cancer than mpMRI (AUC: 0.88 vs. 0.73; 
p < 0.001) and PET alone (AUC: 0.88 vs. 0.83; 
p = 0.002). *’Ga-PSMA-11 PET/MR showed 
higher sensitivity (76%) and specificity (97%), 
compared to mpMRI (58% and 82%, respec- 
tively) and PET alone (64% and 94%). This study 
also suggested the possible use of °Ga-PSMA-11 
PET/MR for image-guided biopsy [97]. 


13.6.2 Staging 


There have been some debates regarding the utility 
of Ga-PSMA-11 PET/CT in initial staging of PCa 
tumors. Herlemann et al. evaluated the accuracy of 
%Ga-PSMA-11 PET/CT for preoperative nodal 
staging in 71 lymph node regions from 34 patients 
with intermediate- or high-risk prostate cancer [98]. 
The reference standard was histopathology reports 
from surgery. It was reported that with a higher 
sensitivity and specificity, “Ga-PSMA-11 PET/CT 
showed higher performance than CT, particularly 
in lymph nodes that did not meet the CT size crite- 
ria [98]. Budaus et al., in another study, compared 
baseline Ga-PSMA-11 PET/CT with postopera- 
tive histopathology reports in terms of evaluating 
lymph node metastases [99]. °Ga-PSMA-11 PET/ 
CT showed overall sensitivity of 33.3% and overall 
specificity of 100% in localization of lymph nodes 
[99]. The considerable number of false positives 
(67.7%) reported was mainly attributed to the size 
of metastatic lymph nodes [99]. In general, the 
performance of °Ga-PSMA in lymph node stag- 
ing seems to outperform conventional imaging 
methods. 
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13.6.3 Biochemical Recurrence 


Regarding evaluation of BCR, PSMA PET/CT 
has demonstrated the highest value compared 
to other imaging methods. Numerous studies 
have reported promising results for the utility 
of *Ga-PSMA-11 PET/CT in recurrent PCa. In 
a large retrospective study of 319 patients with 
BCR by Afshar-Oromieh et al., 82.8% of patients 
showed 1 or more lesions representing disease 
recurrence. For °Ga-PSMA-11 PET/CT, lesion- 
based analysis showed sensitivity and specificity 
of 76.6% and 100%, respectively, demonstrat- 
ing that this radiotracer was highly specific for 
prostate cancer [100]. Moreover, tumor detection 
was found to be positively correlated with PSA 
values; however, no association was reported 
between “Ga-PSMA-11 PET/CT positivity and 
Gleason score or faster PSA doubling time [100]. 
Perera et al. in a meta-analysis reported an asso- 
ciation between pre-scan PSA values and posi- 
tive results on Ga-PSMA-11 PET/CT [101]. By 
stratifying PSA into 4 groups, 0-0.2, 0.2-1, 1-2, 
and >2 ng/ml, Ga-PSMA-11 PET/CT demon- 
strated positive findings in 42%, 58%, 76%, and 
95% of scans, respectively [101]. Moreover, 
shorter PSA doubling time was reported to show 
more positive findings on Ga-PSMA-11 PET/ 
CT [101]. In another study, Verburg et al. retro- 
spectively evaluated the correlation between PSA 
values, PSA doubling time, Gleason score, and 
68Ga-PSMA-11 PET/CT results in 155 patients 
with BCR [102]. Ga-PSMA-11 PET/CT showed 
positive findings in 44% of cases with PSA val- 
ues <1 ng/mL, 79% with PSA levels 1-2 ng/ 
mL, and 89% with PSA >2 ng/ml. In addition, 
shorter PSA doubling times and higher PSA 
values were reported to be independent factors 
for positivity of *Ga-PSMA-11 PET/CT scans 
and extra-pelvic metastatic disease. However, 
there was not association between Gleason score 
and the extent of the disease on imaging stud- 
ies [102]. In another study, Eiber et al. investi- 
gated the detection rate of *Ga-PSMA-11 PET/ 
CT in patients with BCR. In total, the detection 
rate was reported as 89.5%. Among patients with 
PSA values of >2, 1-2, 0.5-1, and 0.2-0.5, the 
detection rates were 96.8%, 93.0%, 72.7%, and 
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57.9%, respectively [103]. This highlights the 
fact that Ga-PSMA-11 PET/CT is beneficial 
in identification of BCR, even at low PSA lev- 
els. In a retrospective study on a larger cohort 
of 1007 patients, Afshar-Oromieh et al. reported 
that Ga-PSMA-11 PET/CT was able to detect 
at least one lesion indicative of recurrent prostate 
cancer in 79.5% of patients [104]. While lower 
than the number reported in previous studies 
[100, 103], the detection rate of *“Ga-PSMA-11 
PET/CT was still high. Moreover, tumor detec- 
tion rate was associated with PSA values and 
ongoing androgen deprivation therapy [104]. 
Morigi et al. compared the detection rate of 
!8F-choline PET/CT and %Ga-PSMA-11 in 
patients with BCR [105]. Even though a better 
detection rate was reported for “Ga-PSMA-11 
PET/CT rather than '*F-choline PET/CT at all 
PSA levels, the main benefit was seen at low 
PSA values. At PSA levels <0.5, the detection 
rate was 12.5% for '8F-choline PET/CT and 50% 
for *Ga-PSMA-11 PET/CT. At PSA levels 0.5- 
2.0 ng/mL, '*F-choline showed detection rate of 
31% compared to 69% for ®Ga-PSMA-11 [105]. 
In a recent single-arm prospective trial with 635 
patients, Fendler et al. evaluated *Ga-PSMA-11 
PET in identifying BCR [106]. The scans were 
reviewed by three blinded readers, among whom 
the inter-reader reliability was considerable. 
The PPV was reported as 84-92% with overall 
detection rate of 75% that showed a significant 
increase with PSA levels: 38% for PSA <0.5 ng/ 
mL, 57% for PSA 0.5 to —<1 ng/mL, 84% for 
PSA 1 to <2 ng/mL, 86% for PSA 2 to <5 ng/mL, 
and 97% for PSA >5 ng/mL [106]. 

To conclude, in the evaluation of recurrent 
PCa, “’Ga-PSMA-11 PET/CT has shown promise 
even at low PSA values that many other tracers 
are not able to identify metastatic disease. 


Fluorinated PSMA-Targeted Radiotracers 

Beside the gallium-labeled tracers, the group of 
fluorinated agents have been developed that same 
as gallium-based ones are urea-based small mol- 
ecules which attach to extracellular part of PSMA 
[89]. '8F-labeled PSMA inhibitors have shown 
several benefits over ““Ga-PSMA tracers. These 
radiotracers have a longer half-life compared to 
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68Ga-labeled ones (109 vs. 68 min) which makes 
mass production in a central location and delivery 
to distant sites possible [107]. Moreover, a bet- 
ter image resolution, improved lesion detection 
rate, and higher mean tumor-to-background ratio 
have been reported for these '*F-based compounds 
compared to gallium-labeled ones [108, 109]. 

To date, three fluorine-based radiotracers 
have been described including '8F-DCFBC, 
'8F_DCFPyL, and the latest one '"F-PSMA-1007, 
which will be further explained. 


18F-DCFBC and “F-DCFPyL 

'8F-_DCFBC was developed as the first genera- 
tion of '8F-labeled PSMA radiotracers. However, 
'8F_DCFBC has a long clearance time from blood 
because of being bound to serum proteins, which 
limits the efficiency of this tracer for evaluat- 
ing lymph nodes close to blood vessels [89]. 
18F-DCFPyL, on the other hand, has the advantage 
of considerably faster blood clearance and superior 
tumor-to-background ratio [89, 110]. Moreover, 
in comparison with-DCFBC, '8F-DCFPyL has 
shown significantly higher affinity to PSMA, 
which leads to improved detection of primary 
and metastatic PCa lesions [89, 110]. Therefore, 
'8F-_DCFPyL has become available as the second 
generation of '*F-labeled PSMA agents, and its 
use has received more attention in the past years. 


13.6.4 Primary Disease 


Rowe et al. compared '"F-DCFBC PET/CT with 
mpMRI regarding primary prostate cancer detec- 
tion [111]. Even though '8F-DCFBC PET/CT 
showed lower sensitivity for localization of pri- 
mary PCa than mpMRI, it demonstrated higher 
specificity in detecting tumors with high Gleason 
scores (>8) and size of >1 mL. Moreover, 
'8F-_DCFBC avidity was reported to be negligi- 
ble in BPH comparing to PCa tumors. This lead 
to the conclusion that '"F-DCFBC PET/CT in 
combination with mpMRI, in addition to distin- 
guishing indolent from aggressive disease, could 
make detection and biopsy of the most clinically 
significant high-grade tumors possible [111]. In 
a study by Turkbey et al., the performance of 
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'8F_DCFBC PET/CT to identify localized PCa 
was evaluated in association with mpMRI and 
histopathology [112]. For detection of PCa, 
lower sensitivity was reported for '8F-DCFBC 
PET/CT compared to mpMRI. In addition, 
'8R_DCFBC PET/CT showed a higher SUV max in 
primary PCa tumors compared to BPH or normal 
prostate tissue. Moreover, a moderate correla- 
tion was found between '8F-DCFBC uptake and 
Gleason score. It was concluded that in order 
to achieve high sensitivity in detecting primary 
PCa, it is crucial to utilize the combination of 
mpMRI and !8F-DCFBC PET/CT [112]. 


13.6.5 Staging 


The viability of '"F-DCFBC PET/CT in PCa 
staging was studied by Rowe et al., reporting that 
the detection rate of metastatic lesions was higher 
with '8F-DCFBC PET/CT compared to conven- 
tional imaging methods such as bone scanning 
and contrast-enhanced CT, with a sensitivity 
of 92% compared to 71%, respectively, in both 


Fig. 13.2 58-year-old patient with newly diagnosed 
high-risk prostate cancer, Gleason 9, (4 + 5), T2c with 
PSA of 74.02 ng/mL. '8F-DCFPyL PET/CT imaging, 
including maximal intensity projection, axial PET, fused 
PET/CT, and CT images, demonstrate a large intrapros- 
tatic DCFPyL focus involving the apical to base anterior 
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hormone-naive and castration-resistant patients 
[113]. Rowe et al. also investigated the utility of 
'8—F_DCFPyL PET/CT in patients with metastatic 
prostate cancer and reported superior perfor- 
mance of this tracer over conventional imaging 
modalities with regard to localizing sites of 
metastatic disease [114]. Rowe et al. in another 
study observed that !"F-DCFPyL PET/CT could 
localize bone lesions with a far higher sensitiv- 
ity (97.7%) than both '8$F-NaF PET/CT (43.8%) 
and *™TC-MDP bone scan (13.5%) [115]. 
Gorin et al. prospectively investigated the role 
of '8F-DCFPyL PET/CT in preoperative stag- 
ing of 25 patients with clinically localized PCa 
[116]. Results showed that !8F-DCFPyL PET/CT 
detected sites of radiotracer avidity in prostate 
gland of all the studied patients. Also five out 
of seven (71.4%) patients, with otherwise clini- 
cally insignificant positive lymph nodes com- 
pared to histopathology reports, were correctly 
detected by '"F-DCFPyL PET/CT (Fig. 13.2). 
Moreover, '8F-DCFPyL PET/CT was able to 
localize sites of occult distant metastases in 12% 
of PCa patients [116]. 


transition and left peripheral zones of the prostate consis- 
tent with the biopsy-proven primary malignancy (arrows). 
Additional sub-centimeter size DCFPyL-avid left external 
iliac lymph node suspicious for nodal disease (white 
arrows). Of note that physiological uptake is noted in the 
bilateral ureters 
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13.6.6 Biochemical Recurrence 


Mena and collaborators investigated the utility of 
'8F_DCFBC PET/CT in the evaluation and man- 
agement of biochemical recurrence PCa [117], 
reporting an overall lesion detection rate of 
60.3%, with the detection rate being dependent 
on PSA values. !8F-DCFBC PET/CT could detect 
tumor recurrence with high reliability when PSA 
values were greater than a threshold of 0.78 ng/ 
mL. Moreover, positive results on !"F-DCFBC 
PET/CT changed therapeutic management in 
51.2% of patients [117]. Dietlein et al. compared 
the performance of °Ga-PSMA-11 PET/CT 
with '8F-DCFPyL PET/CT in BCR PCa patients 
[109]. '8F-DCFPyL PET/CT localized all the 
lesions that were detected by *Ga-PSMA-11 
PET/CT. Moreover, additional lesions were iden- 
tified by 'SF-DCFPyL PET/CT in three patients. 
For lesions with positive '8F-DCFPyL PET/CT, a 
significantly higher average SUV max Was reported 
compared to “Ga-PSMA-11 PET/CT (14.5 vs. 
12.2, p = 0.025). By considering the kidney, 
spleen, or parotid as reference organs, a sig- 
nificantly higher average tumor-to-background 
ratio was observed with '8F-DCFPyL PET/CT 
compared to ®Ga-PSMA-11 PET/CT. It was 
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concluded that in view of the high image qual- 
ity and superb sensitivity of SF-DCFPyL PET/CT 
imaging (Fig. 13.3), it could be an alternate for 
6§Ga-PSMA-11 PET/CT in cases with biochemi- 
cal recurrence [109]. 


13F-PSMA-1007 
The fluorine-based tracer '8F-PSMA-1007 
has been recently introduced [118]. As 
'8F-PSMA-1007 has hepatobiliary excretion, 
it is advantageous in initial staging and evalu- 
ation of intraprostatic and locally recurrent 
PCa compared to other PSMA agents that are 
excreted via urinary tract [89, 119]. Kesch et al. 
assessed the value of '7F-PSMA-1007 PET/CT 
for primary staging of PCa compared to mpMRI 
and histopathology of the prostatectomy speci- 
mens. Comparable accuracy was observed for 
mpMRI and '8F-PSMA-1007 PET/CT. In com- 
parison with histopathology, '’F-PSMA-1007 
PET/CT showed promising results in correctly 
staging prostate cancer [120]. In another study, 
'8F-PSMA-1007 PET/CT showed sensitivity of 
95% for localizing nodal metastases, as small as 
1 mm [119]. 

In the setting of biochemical recurrence, 
Giesel et al. [118] for the first time evaluated 


Fig. 13.3 70-year-old patient with a history of prostate 
cancer, Gleason 5 + 4 = 9, status post-definitive RT, and 
2 years of ADT. Biochemical recurrence (PSA of 2.41 ng/ 
mL) after 2 years from definitive treatment, with negative 
conventional imaging (CT and bone scan). Maximal 
intensity projection, and axial PET/CT fused images of 


'8F-DCFPyL-PET/CT, demonstrate sub-centimeter bilat- 
eral pelvic nodes (arrows in middle column) and abnor- 
mal foci at the anterior right iliac bone and T9 vertebral 
body (arrows in the 3rd column). Following biopsy of the 
anterior right iliac bone lesion confirmed to have 
metastasis 
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'8F-PSMA-1007 PET/CT reporting high tumor 
detection rates for patients with lower PSA values: 
61.5%, 74.5%, 90.9%, and 94.0% for PSA >0.2 
to <0.5, 0.5 to <1.0, 1 to <2.0, and >2.0 ng/mL, 
respectively [118]. Seventeen lymph nodes showed 
increased '8F-PSMA-1007 uptake at PSA values as 
low as 0.08 ng/mL, none of which were consid- 
ered metastatic based on the Response Evaluation 
Criteria in Solid Tumors (RECIST) criteria. 
Therefore, '"F-PSMA-1007 PET/CT showed a sig- 
nificant value in restaging PCa disease and plan- 
ning the best therapeutic management. Paddubny 
et al. evaluated the utility of 'S$F-PSMA-1007 PET/ 
CT in BCR PCa patients. 'SF-PSMA-1007 PET/ 
CT was able to identify biochemical recurrence not 
identifiable on mpMRI [121]. 

Thus, in addition to having the positive features 
of fluorinated PSMA agents, '"F-PSMA-1007 
has shown promising results in detection of very 
small sites of involvement in either primary or 
recurrent prostate cancer disease. 


13.7 '8F-NaF PET/CT 
In prostate cancer, bone has shown to be the 
most prevalent site of distant metastasis, which 
involves up to 84% of patients with advanced 
prostate cancer [122]. Therefore, accurate detec- 
tion of these lesions is of high clinical importance. 
'8F_NaF is a positron emitter that attaches to 
foci of new bone formation and reflects osteoblas- 
tic activity [123]. It was first approved by FDA 
in 1972 to identify sites of abnormal osteogenic 
activity [124]. '8F-NaF has a rapid blood clearance 
and considerably high bone-specific avidity, which 
facilitates acquiring images with enhanced spatial 
resolution and target-to-background ratio in com- 
parison with °™Tc-labeled phosphonates [125]. 
Thus, the utility of 'SF-NaF PET/CT is solely lim- 
ited to localization of bone metastases [3]. In spite 
of these benefits, this tracer was replaced with 
*°™Tc-labeled phosphonates due to more avail- 
ability of gamma cameras. With extensive acces- 
sibility of PET and PET/CT scanners during the 
past several years, 'SF-NaF has re-emerged as an 
advantageous tracer for bone imaging [126]. 
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Some former studies have reported remarkable 
sensitivity and specificity for '"F-NaF in the 
identification of bone lesions [127, 128]. Even- 
Sapir et al. prospectively studied 44 patients (25 
newly diagnosed and 19 with BCR), comparing 
'8F-fluoride PET/CT with 99mTc-MDP planar 
bone scintigraphy, SPECT, and '*F-fluoride 
PET in detecting bone metastases [127]. Based 
on patient-based analysis, they reported sen- 
sitivity and specificity of 100% and 100% for 
'8F_NaF PET/CT, respectively, 70% and 57% 
for planar bone scintigraphy, 92% and 82% for 
SPECT, and 100% and 62% for '8F-NaF PET 
[127]. In another study, Apolo et al. reported 
that '8F-NaF PET/CT could localize more 
bone metastases, earlier in the course of pros- 
tate cancer disease in comparison with °™Tc 
bone scintigraphy [129]. In addition, overall 
survival was reported to be significantly cor- 
related with the number of detected lesions at 
the baseline and SUV changes in the follow-up 
'8F-NaF PET/CT scans [129]. 

'8F_NaF PET/CT has shown better perfor- 
mance than °™Tc-phosphate-labeled bone scin- 
tigraphy; since '*F-NaF uptake is associated with 
osteoblastic activity, both benign and malignant 
bone diseases show positive results on '$F-NaF 
PET/CT [130]. A study by Poulsen et al. com- 
pared diagnostic accuracy of '8F-NaF PET/CT 
with whole-body bone scintigraphy (WBS), 
°™Tc-MDP, and '*F-fluoromethylcholine (FCH) 
PET/CT in detecting spinal metastases in patients 
with PCa, using MRI as the reference standard. 
A high sensitivity (93.1% vs. 50.8% for WBS) 
but a low specificity (54% vs. 82.2 for WBS) was 
reported for '8F-NaF PET/CT [131]. The high 
false positivity was attributed to nonmalignant 
degenerative or inflammatory changes in older 
patients [131]. In a study by Muzahir et al., it was 
reported that by semi-quantitative analysis of 
lesions, i.e., SUV max of 8F-NaF PET/CT might 
be helpful in differentiating benign from malig- 
nant lesions, with SUV mas >50 always indicat- 
ing metastatic disease in castrate-resistant PCa 
patients [132]. 
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13.7.2 Biochemical Recurrence 


A limited number of studies have evaluated the 
value of '8F-NaF in BCR prostate cancer. In a 
prospective study of 37 patients, Jadvar et al. 
compared the performance of '8F-FDG and '8F- 
NaF PET/CT in the evaluation of prostate can- 
cer patients with BCR [41]. They reported that 
'8F_NaF PET/CT was helpful in localizing occult 
bone metastases; however, '8F-FDG PET/CT 
demonstrated a limited utility. In addition, in 
patients who had undergone prior radical pros- 
tatectomy, 'SF-NaF PET/CT positivity might cor- 
relate with increase in PSA values at the time of 
relapse, and '8F-NaF might be positive for lower 
PSA values when conventional imaging methods 
are still negative [41]. 

To summarize, due to high efficiency in 
detecting occult bone metastases, '"F-NaF PET/ 
CT has the highest clinical utility in high-risk 
PCa patients, who have equivocal or negative 
findings on *™Tc bone scintigraphy. 
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14.1 Introduction 

Multiparametric prostate magnetic resonance 
imaging (mpMRI) has become a mainstay for the 
detection, characterization, staging, and moni- 
toring of prostate cancer. While the technical 
specifications, appearance of the normal pros- 
tate, assessment (including staging), and report- 
ing of mpMRI have become well documented 
and codified, reading mpMRI of the prostate is 
not trivial [1]. Fortunately, many of the “pitfalls 
and pearls” of mpMRI of the prostate are well 
documented [2]. 

Prostate carcinoma is the most common 
non-cutaneous carcinoma in men and remains 
a leading cause of cancer death worldwide [3]. 
Over the last decade, magnetic resonance imag- 
ing (MRD, and specifically multi-parametric 
MRI (mpMRI) of the prostate gland, in con- 
junction with digital rectal exam (DRE), serum 
prostate specific antigen (PSA), and transrectal 
ultrasound-guided (TRUS) biopsy, has become 
a mainstay in the management of prostate can- 
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cer [4]. While previously reserved for local 
staging and surgical planning of confirmed dis- 
ease [5, 6], prostate MRI is now increasingly 
used for pre-biopsy work-up due to its ability 
to improve detection and localization of high- 
grade tumor [7-10] as well as identify candi- 
dates for either active surveillance [11, 12] or 
focal therapy [13]. 

It is incumbent upon diagnostic radiologists to 
be well versed in the normal imaging appearance 
and boundaries of the prostate zonal anatomy, 
including the anterior fibromuscular stroma, cen- 
tral zone, and surgical capsule as well as extra- 
prostatic structures such as the neurovascular 
bundles, periprostatic venous plexus, ejacula- 
tory ducts, and seminal vesicles [2, 14-16]. 
Radiologists should also be familiar with com- 
mon abnormalities that may demonstrate overlap- 
ping imaging features with carcinoma, including 
stromal-rich BPH nodules, focal acute bacterial 
prostatitis, chronic granulomatous prostatitis, 
malakoplakia, calcification, biopsy-related hem- 
orrhage, and changes in the appearance of the 
prostate gland related to prior focal therapy [16]. 

There are also pitfalls related to imaging 
acquisition and quality, perhaps the most impor- 
tant of which relate to diffusion-weighted imag- 
ing (DWI), which has become a key component 
of the PI-RADS scoring system, including its 
most recent iteration PI-RADS version 2.1 
[1, 17]. Routine clinical DWI uses spin-echo 
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echo-planar imaging (EPI) which is acquired 
by rapidly switching strong magnetic gradients 
inducing eddy currents that make this sequence 
highly susceptible to geometric distortion in 
the phase-encoding direction [18]. Interfaces of 
materials with large susceptibility differences, 
such as air to soft tissue (i.e., rectal gas) and 
metal to tissue (i.e., femoral hardware), may 
therefore cause significant anatomic distortion 
which can affect the sensitivity of this sequence 
[19]. Finally, DWI relies on adequate suppres- 
sion of normal benign tissue on high b-value 
imaging and proper windowing of the apparent 
diffusion coefficient (ADC) series to ensure ade- 
quate sensitivity for detection of pathology [2]. 
In this chapter, we will highlight the impor- 
tant pearls and pitfalls of interpreting prostate 
MRI, including attention to normal anatomic 
variants, common and uncommon pathology that 
may masquerade as tumor, and factors relating to 
image acquisition that may affect overall sensi- 
tivity of lesion detection. 


14.2 Pitfalls 


14.2.1 Category: Technical 

Challenges Related 

to Diffusion-Weighted 

Imaging 
14.2.1.1 Anatomic Distortion of High 
B-Value Diffusion-Weighted 
Images and Motion Artifacts 
In addition to characterizing the aggressiveness 
of a tumor, DWI has an important role in local- 
izing the tumor in mpMRI. DWI is most com- 
monly acquired by echo-planar technique. Rapid 
switching of strong magnetic gradients causes 
eddy currents. Unpredictable artifacts occur due 
to distortion of the magnetic field gradient caused 
by the magnetic field generated by the eddy cur- 
rents. The artifact is more pronounced on high 
b-values resulting in anatomic distortion [2]. 
This geometric distortion is most pronounced 
in phase-encoding direction and pronounced by 
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motion [20]. In addition to the geometric distor- 
tion, ghosting artifacts are more pronounced on 
3 T MRI, as compared to 1.5 T MRI [21]. 

Geometric distortion artifacts can be 
reduced by reducing receiver bandwidth and 
parallel imaging reducing echo spacing, echo 
time, and echo train length [20]. It improves 
the localization for targeted biopsies and ther- 
apy at the cost of lesion characterization. Phase 
encoding in left-to-right direction reduces the 
artifact. Also, T2-weighted images are more 
useful for better localization and anatomic 
delineation [2, 20]. 

DWI techniques such as multi-shot based 
radially oriented parallel acquisition techniques 
significantly reduce the anatomic distortion, at 
the cost of reduced signal-to-noise ratio [22] 
(Fig. 14.1). 


14.2.1.2 Lack of Suppression 

of Benign Prostate Tissue 

on Standard High B-Value 

Diffusion-Weighted Images 
ADC map serves as a primary dataset for evalu- 
ation of DWI of the prostate. Increased DWI 
signal of the tumor relative to the background 
parenchyma is important for PI-RADS clas- 
sification [23]. Qualitative analysis of DWI is 
enhanced by better signal suppression of benign 
prostate tissue by using higher b-values caus- 
ing greater signal restriction in tumor lesions. In 
addition to poor suppression of benign prostate 
tissue, low b-value images (b < 1000 s/mm°) 
obscure the tumor lesions by persistent T2 shine- 
through effect [24]. Higher b-values are associ- 
ated with anatomical distortion. Computed DWI 
is derived mathematically using lower b-value 
images by applying standard mono-exponen- 
tial fit. Exploiting lower b-values’ higher SNR 
improves the tumor detection rate [25]. However, 
there is no overall improvement in diagnostic 
accuracy with the calculated DWI relative to the 
low b-value DWI. Increased sensitivity of tumor 
detection is undermined by the increasing false- 
positive findings on calculated DWI images [26] 
(Fig. 14.2). 
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Fig. 14.1 Anatomic distortion of high b-value diffusion- 
weighted images. (a) Axial T2-weighted image showing a 
hypointense lesion with irregular margins in the right 
anterior peripheral zone (white arrowhead) and hyperin- 
tense rectal spacer hydrogel (white arrow). Also, noted 
gas-filled rectum. (b) Diffusion-weighted image at the 
same level is degraded due to susceptibility artifact from 


14.2.1.3 Suboptimal Windowing 

of the ADC Map 
Stromal BPH involving the transition zone has low 
signal intensity on T2-weighted sequences and has 
an overlapping enhancement pattern with the tran- 
sition zone tumor lesion. Tumors in the transition 
zone have a lower signal intensity on ADC maps 


gas in the rectum and causing anatomic distortion of the 
position of hydrogel (white arrow) and the lesion (white 
arrowhead). (c) The corresponding ADC map at the same 
level shows the anatomic distortion with displaced posi- 
tion of hydrogel (white arrow) and the peripheral zone 
lesion (black arrowhead) 


compared to benign prostate tissue such as stro- 
mal hyperplasia [27]. The units of signal intensity 
have not been standardized across different MRI 
scanners and are not analogous to the Hounsfield 
units used for CT. This leads to a common pitfall 
by visual analysis of ADC due to variable default 
window settings across different MRI scanners 
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Fig. 14.2 Lack of suppression of benign prostate tissue 
on standard high b-value diffusion-weighted images. (a) 
ADC map showing hypointense lesion (black arrow) in 
the left anterior transition zone at the level of the mid- 
gland. (b) DWI image with a b-value of 800 s/mm2 at the 
same level shows inadequate suppression of the benign 


that might not be optimal resulting in false-positive 
and false-negative outcomes. Window and width 
setting of 1.65 and 1.675 x 10-6 mm7/s has been 
shown to consistently detect higher-grade tumors 
[28]. To improve the validity and prognostic value 
of ADC maps, the window width may be standard- 
ized for each MRI scanner within a practice with 
the help of an experienced radiologist (Fig. ). 


background parenchyma of the prostate making the lesion 
indistinguishable. (c) DWI image with a b-value of 
1400 s/mm2 at the same level causes adequate suppres- 
sion of the background benign prostate tissue and shows 
hyperintense lesion (white arrow) corresponding to the 
ADC map 


14.2.2 Category: Normal Anatomic 
Structures That May 
Be Mistaken for Tumor 


14.2.2.1 Central Zone 

Tumors arising from the central zone, although 
more aggressive, account for less than 5% of 
prostate cancers [29]. Asymmetric enlargement 
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Fig. 14.3 Suboptimal windowing of the ADC map. (a) 
Axial T2-weighted image showing benign prostatic 
hyperplasia with scattered, benign, heterogeneous foci of 
low signal intensity. Circumscribed hypointense lesion is 
present in the right anterior transition zone (white arrow). 
(b) Sagittal T2-weighted image shows the lesion in apical 
transition zone (white arrow). (c) DWI image at the same 
level with high b-value shows the hyperintense transition 
zone lesion (black arrow) relative to the background 


benign prostate tissue. (d) ADC map with poor window 
setting at the same level shows the lesion with mild 
hypointense signal intensity (black arrow) consistent with 
PI-RADS 3 lesion. (e) ADC map with adequate window 
level and width setting shows the lesion darker with 
marked hypointense signal (black arrow), consistent with 
PI-RADS 4 lesion. The recommended window width/ 
level settings of 1400/1400 have consistently shown to be 
useful in picking up clinically significant prostate lesions 
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of the heterogeneous transition zone due to BPH 
can efface the central zone, making it indistin- 
guishable from the surrounding transition zone. 
Since the normal central zone is hypointense on 
ADC map and T2-weighted sequences, it can be 
easily misinterpreted as a dominated lesion aris- 
ing from transition zone or peripheral zone [30]. 
The stereotypic location and lack of high signal 
on high b-value DWI and dynamic contrast- 
enhanced images confirm the benign nature of 
the central zone. Evaluation of coronal images to 
determine asymmetry or “tilting” of the prostate 
may also be useful. 


14.2.2.2 Thickening of Surgical 
Capsule 

Surgical capsule is a fibromuscular structure 
between the peripheral zone and transition zone, 
surrounding the transition zone. It is a thin, poorly 
defined structure in young men. In older men, 
there is reactive proliferation and thickening of 
the surgical capsule due to outward pressure 
caused by BPH of transition zone. Subsequently, 
it condenses into a distinct crescent band around 
the hypertrophied transition zone [31]. On MRI, 
it is hypointense on T2-weighted sequences and 
ADC map and can be misinterpreted as a focal 
tumor lesion. Anatomic knowledge about the 
expected location of surgical capsule and corre- 
lation of ADC maps with T2-weighted sequences 
on axial and coronals is helpful. It is normally 
low signal on high b-value DWI. Also, on DCE 
there is no corresponding rapid contrast enhance- 
ment with washout [32]. 


14.2.2.3 Periprostatic Venous Plexus 
and Neurovascular Bundle 

Periprostatic neurovascular bundle courses 
along the outer margins of peripheral zone. 
Classically, the neurovascular bundles are 
believed to be located at 5 and 7 o’clock posi- 
tions. But, in almost half of the cases, there is 
no discrete neurovascular bundle, and the nerve 
trunks and vessels are scattered along the outer 
margins of peripheral zone anteriorly and pos- 
teriorly. These nerves and vessels may appear 
round on en face axial sequences, and since they 
have decreased T2 and ADC signal density, they 
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may be misinterpreted as tumors. This pitfall can 
be avoided by using the T2-weighted sequences, 
since they have a higher spatial resolution. The 
typical location, coursing along the outer mar- 
gin of peripheral zone and the overall tubular 
appearance, as appreciated in different planes is 
useful in correctly identifying the neurovascular 
tissue (Fig. 14.4). 


14.2.3 Category: Noncancerous 
Abnormalities That Can Mimic 
Tumor 


14.2.3.1 Post-biopsy Hemorrhage 

This is one of the first pitfalls identified well 
before the introduction of diffusion-weighted 
and dynamic contrast-enhanced imaging [33]. 
Blood products result in both T1 and T2 short- 
ening, with the latter mimicking ill-defined can- 
cer. The resulting inflammation may also result 
in changes on diffusion-weighted and dynamic 
contrast-enhanced (DCE) imaging, and the pres- 
ence of inherently short T1 species compromises 
detection of enhancement on raw T1-weighted 
images. When hemorrhage is evident on precon- 
trast Tl-weighted images, subtraction or phar- 
macokinetic maps are crucial for the evaluation 
of enhancement, but even then, whether early 
enhancement is related to inflammation or neo- 
plasia would be indeterminate. It is for this reason 
that waiting at least 6 weeks after biopsy for the 
resolution of hemorrhage is recommended [34]. 
On the other hand, some experts find the pres- 
ence of hemorrhage reassuring in confirming the 
absence of cancer — the “hemorrhage exclusion 
sign” [35]. Normal prostate glands are enriched 
in citrate, a natural anticoagulant. Hemorrhage, 
therefore, is more common in the presence of 
healthy glands. However, this sign is considered 
unreliable and could obscure an underlying can- 
cer adjacent to normal glands. 


14.2.3.2 Stromal BPH Nodule 

Benign prostatic hyperplasia (BPH) is a common 
condition in older men which nearly exclusively 
arises in the transition zone, although it can 
spread to adjacent zones. The origin can be glan- 
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Fig. 14.4 Periprostatic venous plexus and neurovascular 
bundle. (a) Axial T2-weighted image showing well- 
circumscribed hypointense vessel in right posterolateral 
peripheral zone (white arrow) which can be misinter- 
preted as a lesion. (b) Corresponding area in the ADC 
map at the same level shows hypointense signal (black 
arrow). (c) DWI image shows no hyperintense signal in 


the corresponding region to suggest restricted diffusion. 
(d) Axial T2-weighted image level above shows a contig- 
uous tubular structure (white arrow) consistent with a ves- 
sel. (e) Fat-suppressed T2-weighted image shows 
unsuppressed high signal in this vessel (black arrow) simi- 
lar to other periprostatic vessels (white arrows) 
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dular or stromal, both of which are often nodular 
in character [16, 36]. One of the innovations in 
PI-RADS v2.1 was the recognition that, while 
glandular BPH common has long T2 and rela- 
tively unrestricted diffusion, stromal BPH con- 
tains less free water and therefore has shorter T2 
and often low signal on the ADC map. These sig- 
nal characteristics generally mimic those in can- 
cer. However, these nodules are nearly uniformly 
circumscribed and commonly have a distinct 
“capsule” or a uniformly thin rim of compressed 
tissue which is low signal on T2-weighted imag- 
ing. While identification of this capsule allows 
for sufficient confidence to assign very low suspi- 
cion (PI-RADS v2.1 category 1), circumscribed 
or partially encapsulated nodules have features 
which overlap with cancer. Originally, these we 
all assigned PI-RADS v2 category 2: “low sus- 
picion,”’ on T2-weighted imaging and overall, 
and biopsy was not recommended. However, the 
degree of diffusion restriction in these nodules 
should not be dissimilar to other BPH in the same 
prostate. Therefore, if there is a greater degree of 
diffusion restriction — lower signal on the ADC 
map and higher signal on the high b-value DWI 
corresponding to PI-RADS v2.1 DWI catego- 
ries 4 and 5 — there is sufficient suspicion that 
this could reflect neoplasia rather than hyperpla- 
sia. Although the majority of these nodules are 
likely to be benign, when the T2 appearance is of 
a circumscribed or partially encapsulated transi- 
tion zone nodule (T2 category 2) but diffusion is 
highly restricted (diffusion category 4 or 5), these 
nodules are assigned an overall PI-RADS v2.1 
category 3, equivocal suspicion. 


14.2.3.3 Acute and Chronic Prostatitis 
and Post-inflammatory Scars 
and Atrophy 
Inflammation in the peripheral gland, compared 
with other solid organs, can result in a paradoxi- 
cal shortening of T2 and restrict diffusion — the 
inflammatory cells are smaller with less cyto- 
plasm and free water motion compared with 
glandular cells — which can approach the appear- 
ance of cancer [37]. While the decrease in T2 
and degree of diffusion restriction is generally 
less than that of significant cancer, these appear- 
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ances overlap, at least in terms of absolute ADC 
value. However, the relative ADC compared with 
“normal” peripheral gland may show greater 
separation between inflammation and neopla- 
sia. This was explicitly described in PI-RADS 
v2, but was removed from v2.1 for clarity and 
brevity: it is assumed because it is not mass- 
like, it would not be considered a discrete lesion. 
Another innovation in PI-RADS v2.1 over v2 is 
the harmonization of DWI categorization with T2 
categorization of radial linear or wedge-shaped 
lesions in the peripheral zone. Post-inflammatory 
change often results in fibrosis along the course 
of the glandular channels, which are oriented in 
a radial linear or wedge-shaped fashion. Cancer, 
on the other hand, tends to be oval or “lenticular,” 
oriented circumferentially [16]. 


14.2.3.4 Granulomatous Prostatitis 
Similar to inflammation described in the above 
paragraph, granulomatous prostatitis was rap- 
idly identified as a mimicker of cancer. Unlike 
common inflammation, granulomatous prosta- 
titis was more commonly mass-like with mark- 
edly restricted diffusion — often greater than 
that seen in cancer [38]. Unfortunately, there is 
marked overlap in the appearance of cancer com- 
pared with granulomatous prostatitis, and while 
a history of exposure to intravesicular instilla- 
tion of Bacillus Calmette-Guérin (BCG) or other 
agents that commonly produce a granulomatous 
response may raise this differential consideration, 
tissue diagnosis is often required to confirm the 
diagnosis, as these men generally also have risk 
factors for cancer, such as elevated serum PSA. 


14.3 Pearls 


14.3.1 Category: Differentiating 
Tumor from Benign or Normal 
Structures 


Anterior Fibromuscular 

Stroma and Central Zone 

Both anterior fibromuscular stroma and cen- 
tral zone have low T2 signal and low ADC map 
signal and can be misinterpreted as tumors. 


14.3.1.1 
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The findings favoring benign etiology include 
midline location, symmetric appearance, well- 
defined margins, and absence of high signal 
intensity on high b-value images (true restric- 
tion). The anterior fibromuscular stroma shows 


benign type | progressive enhancement without 
any washout. The central zone shows type | and 
type 2 (early enhancement and plateau). They 
don’t show type 3 enhancement kinetics [16] 


(Fig. 14.5). 


Fig. 14.5 Anterior fibromuscular stroma. (a) Axial 
T2-weighted image shows hypointense signal in the ante- 
rior fibromuscular stroma (white arrows). (b) The corre- 
sponding ADC map shows hypointense signal (white 


arrows). (c) DWI images show no restricted diffusion with 
hypointense signal (white arrows). (d) Pharmacokinetic 


Kgs map shows no corresponding abnormal 


enhancement 
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14.3.1.2 Volume Averaging 

of the Surgical Capsule 

at the Apex 
The apex of prostate is known to be under- 
sampled on routine, nontargeted TRUS biopsies 
and may contain clinically significant tumors 
[39]. The pseudocapsule is sparse at the apex, 
intermixed with supporting tissues, glands, and 
prostatic veins. Horizontal oblique orientation of 
the surgical capsule and veins with partial vol- 
ume effect on axial images makes it difficult to 
delineate intra-prostatic from  extra-prostatic 
structures. Examination of coronal and sagit- 
tal planes helps demonstrate continuity of these 
periprostatic structures. Also, axial images above 
and below the apex can be used to demonstrate 
the continuity of the surgical capsule and adja- 
cent veins [16] (Fig. 14.6). 


14.3.1.3 Ejaculatory Ducts 

In patients with BPH, the anatomy of the central 
gland (central and transition zone) is distorted at 
the base of the prostate gland. Bilateral ejacu- 
latory ducts help identify the central zone on 
coronal T2-weighted sequences as symmetric, 
well-defined, homogeneous, dark signal struc- 
ture with smooth margins surrounding bilateral 
ejaculatory ducts. These may appear as a low 
signal triangular structure in the posterior mid- 
line peripheral zone with corresponding low 
ADC signal and intermediate high signal on high 
b-value DWI, possibly related to directionality in 
the direction of the fibers. However, no increased 
contrast enhancement would be associated. 
Conversely, prostate cancer is asymmetrical and 
hypointense with ill-defined margins [30]. 


14.3.2 Category: Suspicious Findings 
Not Explicit in PI-RADS 
Categorization 


14.3.2.1 Tumors Are Homogeneous 

Explicit in the PI-RADS v2.1 assessment crite- 
ria is that tumors tend to be more uniform than 
normal prostate glandular tissue, but are also 
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more uniformed compared with the heterogene- 
ity inherent in BPH [40, 41]. This is a welcome 
factor when evaluating the transition zone. The 
transition zone is normally much more heteroge- 
neous than the peripheral zone with shorter T2, 
which is accentuated in BPH. While detecting 
the circumscribed or encapsulated margin of a 
BPH nodule can help to identify its nature, rec- 
ognizing the internal heterogeneity adds an addi- 
tional layer of comfort when trying to determine 
whether to “call” a nodule, especially when the 
diffusion could appear moderate or markedly 
restricted — therefore category 3 or 4 — depend- 
ing on window-level settings. The heterogene- 
ity applies to diffusion sequences as well: while 
a cancerous nodule may not show uniformly 
restricted diffusion, it will generally have a gra- 
dient rather than chaotic variation in its signal. 


14.3.2.2 Dynamic Contrast 
As a Saving Grace 

Interest in biparametric magnetic resonance 
imaging (bpMRJ), or T2- and diffusion-weighted 
imaging without dynamic contrast-enhanced 
imaging (DCE), is gaining popularity, as its per- 
formance appears not significantly worse than 
truly mpMRI, with potential significant cost, 
time, and risk reduction [42]. DCE is only used 
to adjust the overall suspicion for lesions which 
are equivocal suspicion (category 3) on DWI in 
the peripheral gland, and even then, most cat- 
egory 3 lesions will undergo biopsy. However, 
there are a number of cases where contrast can be 
instrumental in the evaluation of prostate MRI, 
and often these cannot be predicted. In fact, this 
possibility was explicitly described in PI-RADS 
v2 and v2.1, where a table for both transition and 
peripheral zone lesions with inadequate DWI 
is provided using DCE to arrive at the overall 
category in both zones. While this is very com- 
mon when evaluating patients with one or both 
hip prostheses, peristalsis, surgical clips, and 
surface coil displacement by redundant adipose 
can all severely compromise DWI. Additionally, 
in cases where diffusion may be evaluable but 
is distorted, limiting confidence in localizing 
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Fig. 14.6 Volume averaging of the surgical capsule at the (b) and sagittal (c) images showing surgical capsule 
apex. (a) Axial T2-weighted image at the level of apex (white arrows). Axial DCE map shows no enhancement 
showing indistinct surgical capsule with blurring due to (d), but there is corresponding low signal on the ADC 
volume averaging, resulting in a low signal ill-defined map, which is normal for the fibrous surgical capsule (e) 
mass in the midline (black arrow). T2-weighted coronal 
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abnormalities, DCE can provide an additional 
level of confidence in determining that a finding 
is focal or artifactual. Finally, when determining 
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the overall size of a lesion, DCE has been shown 
to be the best correlate with size measured on the 
surgical specimen [43] (Fig. ). 


Fig. 14.7 Dynamic contrast as a saving grace. (a) Axial 
T2-weighted image showing a hypointense mass with 
irregular margins at the posterolateral left peripheral base 
(black arrow) with a moderate amount of image noise. (b) 
Diffusion-weighted image at the same level is obliterated 
by susceptibility artifact from bilateral hip prostheses. (c) 


Early enhancement Tl-weighted image shows corre- 
sponding enhancement (white arrow) with susceptibility 
artifact (black arrowheads) not obscuring the prostate. (d) 
Pharmacokinetic K"™ map shows the focal enhancement 
more conspicuously (white arrow) 
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14.3.2.3 The Highly, Diffusely 

Heterogeneous Prostate 

and When to Find the Most 

Suspicious Area 
Officially, the objective assessment of mpMRI 
of the prostate is done irrespective of clinical 
information. Practically, though, there are some 
cases which are more straightforward than oth- 
ers. One of the most challenging cases is the dif- 
fusely, highly heterogeneous prostate, sometimes 
called a “dirty MRI” because of the spotty nature 
of abnormal signal. Generally, this is chalked 
up to inflammatory changes (in the peripheral 
zone) and BPH (in the transition zone). However, 
these changes are often conspicuous not only 
on T2-weighted imaging but also on DWI and 
even DCE. This results in a quandary: Should 
one provide dozens of “targets,” or none? This 
is where the clinical scenario can be useful. For 
patients with low suspicion, PSA density below 
0.15 ng/mL’, long doubling time/low PSA veloc- 
ity, and favorable demographics and family his- 
tory and especially when no one area is likely 
to be large enough for confident targeting using 
image fusion, it may be in the patient’s best inter- 
est to give no target [44]. However, when there is 
an elevated suspicion, and especially in the face 
of prior negative nontargeted biopsies, identify- 
ing the most suspicious area may be useful, in 
that if targeted biopsy is negative, this provides 
increased confidence in surveillance. Generally, 
a combination of quantitative ADC to identify the 
site of greatest diffusion restriction, combined 
with T2 features, is the most useful to find the 
“most suspicious” area. However, this is another 
case where DCE may be a useful “tiebreaker.” 


14.3.2.4 How Wedge-Shaped Is 
“Wedge-Shaped”? 

The inclusion of lesions which are “(radial) lin- 

ear/wedge-shaped hypointense on ADC and/ 

or hyperintense on high b-value DWI” for DWI 

category 2 in the peripheral gland allowed this 


assessment to harmonize with that already estab- 
lished for T2-weighted imaging. However, decid- 
ing whether a lesion is “linear” or “oval” may be 
difficult. One of the most useful components in 
making the determination is the appearance on 
T2-weighted imaging. While the assessment is 
made on DWI, the much higher spatial resolu- 
tion of T2-weighted images, combined with the 
freedom from geometric distortion, allows for 
improved confidence in confirming the radial ori- 
entation of the lesion in question. Inflammation 
occurs along the course of the glands, which 
effectively point in a radial orientation to the ure- 
thra or verumontanum. Cancers are more com- 
monly oriented circumferentially. Additionally, a 
“wedge-shaped” lesion should be widest at the 
periphery of the prostate, narrowing as it nears 
the surgical capsule (which separates the transi- 
tion from peripheral zones). Linear lesions are 
generally uniformly thin; they should not appear 
bulbous in the middle or at either end (Fig. 14.8). 


14.3.3 Category: Extra-Prostatic 
Structures 


14.3.3.1 Bladder Inlet 

The bladder mucosa is generally low signal on 
T2-weighted imaging as well as on DCE and high 
b-value DWI (although with greater signal than 
urine), similar to transition zone on ADC, simi- 
lar to the anterior fibromuscular stroma. Because 
it may be caught at an angle, the uniformly low 
T2 signal may, at first glance, appear suspicious. 
However, its nature is generally readily apparent 
on sagittal and coronal images. 


14.3.3.2 Seminal Vesicle Atrophy 

Versus Involvement 
Seminal vesicles are fluid filled, with low signal 
intensity on Tl-weighted images and high sig- 
nal intensity on T2-weighted images. Radiation 
therapy and infection/inflammation in addition 
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Fig. 14.8 How wedge-shaped is “wedge-shaped”? (a) 
Axial T2-weighted image shows right (white arrow) and 
left (black arrow) radially oriented linear hypointensities, 
although the latter is partially obscured. (b) Coronal 
T2-weighted image shows the right posterior linear 


to the normal aging process (“andropause”’) can 
cause atrophy of the seminal vesicle secondary 
to reactive peritubular fibrosis. The fibrotic wall 
thickening from vesiculitis and radiation therapy 
can be indistinguishable from tumor invasion 
[45]. Granulomatous prostatitis involving peri- 
prostatic fat and seminal vesicles can mimic 
extra-prostatic tumor spread. Correct clinical his- 


hypointensity (black arrow) is oriented toward the veru- 
montanum (not in the plane of this image). (c) Axial ADC 
map shows the same linear hypointensities (white, black 
arrows) 


tory such as previous radiation therapy, BCG for 
bladder cancer, tuberculous prostatitis, or TURP 
can be helpful [46]. When the atrophic seminal 
vesicles are low signal on high b-value DWI and 
show no increased enhancement, they can gener- 
ally be assumed to be uninvolved. However, his- 
topathological confirmation is usually required 
when either of these is not true (Fig. ). 
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Fig. 14.9 Seminal vesicle atrophy versus involvement. 
(a) Axial T2-weighted image is showing benign, atrophic, 
left seminal vesicle with hypointense signal (white arrow). 
The right seminal vesicle is showing normal T2 hyperin- 
tense signal. (b) DWI images at the same level show 
hypointense signal (white arrow) in the atrophic left semi- 


14.3.3.3 Other Cancers 

An important consideration in the evaluation of 
the population of men that presents for prostate 
cancer detection is that, while prostate cancer is 
the most common non-cutaneous cancer in this 
population, it is certainly not the only cancer [3]. 
Just as one evaluates bones and lymph nodes for 


nal vesicle with no evidence of restricted diffusion. (c) 
ADC map at the same level showing no signal abnormal- 
ity in the atrophic left seminal vesicle. (d) Pharmacokinetic 
K" map shows no abnormal enhancement in the atrophic 
seminal vesicle 


potential metastatic disease, the bladder, rectum, 
and other structures in the field of view should 
be scrutinized for suspicious abnormalities. 
Fortunately, these cancers will often also show 
increased perfusion on DCE and restricted dif- 
fusion on DWI, emphasizing the utility of these 
pulse sequences (Fig. ). 
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Fig. 14.10 Other cancers. (a) Axial T2-weighted image 
shows a large transition zone lesion with partially circum- 
scribed and partially obscured borders in the left anterior 
transition zone (white arrow) and a smaller right postero- 
lateral peripheral zone lesion with irregular borders (white 
arrowhead). (b) Corresponding ADC map shows mark- 
edly restricted diffusion in the transition zone lesion 
(arrow) and moderately restricted diffusion in the periph- 
eral zone lesion (arrowhead). (c) High b-value DWI also 
shows markedly restricted diffusion in the transition zone 
lesion (arrow) and moderately restricted diffusion in the 
peripheral zone lesion (arrowhead). (d) Coronal 


T2-weighted image shows the transition zone lesion 
(white arrow) and an endophytic bladder mass (black 
arrow). (e) ADC map through the bladder shows two 
endophytic bladder lesions (arrows). (f) High b-value 
DWI also reveals endophytic bladder masses (arrows) 
without abnormal signal extending to the bladder wall. (g) 
Dynamic contrast-enhanced image through the bladder 
also shows enhancement of the endophytic bladder lesions 
(arrows) without extension to the bladder wall. Using 
VI-RADS, this is likely non-muscle-invasive bladder can- 
cer [47] 
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Fig. 14.10 (continued) 


14.4 Conclusion 


Multiparametric magnetic resonance imaging of 
the prostate is a challenging, but, ultimately, a 
rewarding clinical tool in the detection, charac- 
terization, and management of prostate cancer. 


By recognizing those idiosyncrasies inherent in 
its use, it becomes a reliable and valuable tool 
for the radiologist and referring practitioners. By 
grouping the potential pitfalls and pearls into their 
respective aspects, one can systematically interpret 
and report mpMRI of the prostate with confidence. 
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